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ABSTRACT 
Chapter 1 This is an introductory chapter in which the 
literature relevant to this thesis has been surveyed broadenly. The 
first Section covers the history of cytokinins, their chemical 
identity, effects on plant systems and possible roles in plant 
development. Cytokinin metabolism studies have been overviewed in the 
second Section. Emphasis has been given to the metabolic pathways and 
the physiological significance of metabolites. The third Section 
covers the previous studies of cytokinin translocation and those 
concerning translocation in the xylem stream have been emphasized. 
The last Section of this chapter reviews those translocation and 
metabolism studies in relation to plant development, especially leaf 
senescence and seed development. Based on this, significant research 
topics have been identified, some of which have been studied of this 
thesis. 
Chapter 2 - Methods used frequently in this thesis are described. 
They include extraction of cytokinins and their metabolites from plant 
tissues, synthesis of authentic markers for chromatography, some 
chromatographic methods including thin-layer chromatography and high 
performance liquid chromatography, hydrolysis of cytokinin nucleotides 
and 0-glucosides, scintillation counting for radioactivity, mass 
spectrometry (MS) and radioimmunoassay (RIA) for endogenous 
cytokinins. A novel 2-dimensional thin-layer chromatography system 
was developed. This has proved very useful since it can separate 
sixteen cytokinins and metabolites. 
Chapter 3 - The cytokinins in xylem exudate of blue lupin were 
identified by RIA and MS as zeatin riboside (ZR), dihydrozeatin 
riboside (DZR) and zeatin (Z) (the three principal cytokinins), and 
dihydrozeatin (DZ), 0-glucosylzeatin, 0-glucosyldihydrozeatin, 0-
V 
glucosyldihydrozeatin riboside, zeatin nucleotide (ZMP) and 
dihydrozeatin nucleotide (DZMP) (minor cytokinins). 
[3HJZR was supplied to the transpiration stream of both derooted 
and intact blue lupin plants. Features of the translocation studies i 
nclude: (1) the direct lateral movement of ZR and/or its metabolites 
from xylem to bark which was established by bark ringing experiments; 
(2) the relatively high level of radioactivity per unit tissue weight 
in developing lateral shoots; (3) the lack of appreciable movement to 
the seed even in intact plants over a prolonged period; (4) the 
disproportionate retention of radioactivity by the petioles which 
increased with leaf maturity; (5) changes in ZR metabolites in laminae 
associated with senescence; (6) the detection of a new nucleotide 
metabolite (U-NT) of ZR in podwalls, bark and lateral shoots; this 
appears to be a transient metabolite with an intact ZR moiety and may 
be involved in ZR uptake and/or transport. 
Chapter 4 - The cytokinin level in the xylem exudate of fruiting 
yellow lupin plants was determined by RIA and the major cytokinin was 
z. [3HJZR and [3HJZ were introduced into yellow lupin plants via the 
transpiration stream and their translocation parttern was found to be 
similar to that of [3H]ZR in blue lupin plants. The developing seeds 
at the endosperm to mid podfill stages did not compete with other 
parts of the shoot for xylem cytokinins. It was found that the 
seedcoat contained 80-90 % of 3H detected in the whole seed. 
The endogenous cytokinins in developing seeds of blue lupin and 
soybean were also analyzed by RIA. It was found that most of the seed 
cytokinins were localized in seedcoats and that DZMP and ZMP, besides 
DZR and ZR, were prominent in the seed cytokinin complex. [3HJZR and 
[3HJDZR of high specific radioactivity were supplied to the lateral 
shoots of blue lupin plants and this enabled the small amount 
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of [3H] detected in both the seedcoats and embryos to be 
characterized. 3 After [ H]ZR supply, almost no 3H in embryos was due 
to cytokinins while only a small portion of it was due to cytokinins 
after [3H]DZR supply. 
Cytokinin lateral movement from the xylem to bark tissues of blue 
lupin was further characterized. Kinetic studies with intact stems 
and other studies with excised tissues revealed that both cytokinin 
ribosides and nucleotides could be the forms which move laterally. 
Unkown metabolites, in both riboside and nucleotide forms, were 
observed after applications of both [3HJZR and [3HJDZR, and were 
confined to the bark tissues. The unknown nucleotides appeared to be 
similar or identical to U-NT found previously in podwalls. 
Introducing the unknown riboside derived from [3H]DZR into blue lupin 
plants resulted in the formation of 3H-labelled DZR and DZ. 
Hydrolysis of this unknown riboside by esterase also released DZR. 
These results suggested that the unknown metabolites may be labile 
esters of cytokinin ribosides and nucleotides formed as transit 
metabolites during translocation. 
Chapter 5 - The metabolism of 3H-labelled 6-benzylaminopurine (BA) 
was studied in pre-senescent and early senescent soybean leaves. In 
both types of leaves, the metabolism was essentially the same. The 
principal metabolite was identified as P-(6-benzylaminopurin-9-
yl)alanine (9Ala-BA) by mass spectral studies, which included 
discharge ionization-secondary ion mass spectrometry and pulsed 
positive ion-negative ion-chemical ionization mass spectrometry. 
Conversion to the alanine conjugate was inhibited by certain auxins, 
and substituted xanthines. 
Chapter 6 Results based on a 
n . . 
chlorophyll-ret~tion bioassay 
showed that 9Ala-BA, the main metabolite of BA in soybean leaves, had 
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only very weak activity on intact soybean leaves. This indicates that 
the alanine conjugation at the N-9 of the BA purine ring may be a form 
of inactivation in the tissues. Of thirteen other 9-substituted BA 
derivatives and some other compounds tested, two, namely 9-(2-
tetrahydrofuranyl)benzyladenine (9THP-BA) and 9-(2-
tetrahydropyranyl)benzyladenine (9THP-BA), exhibited much higher 
activity compared to BA. The metabolism of 9Ala-BA, 9THF-BA and 9THP-
BA in soybean leaf discs were examined in order to rationalize their 
differing activity. It was found that 9Ala-BA was largely 
unmetabolized in the discs, while both 9THF-BA and 9THP-BA released 
some BA but debenzylation products were also formed which were 
inactive. Both the released BA and the debenzylation products were 
identified by MS. Compared with BA, 9THF-BA and 9THP-BA, which were 
not susceptable to the alanine conjugation, were more stable. The 
above results appear to elucidate observedlthe differing activities of 
BA and the three derivatives. The activity of 9-substituted BA 
derivatives may largely depend on their ability to release BA, which 
is the "active" form. Hence, 9Ala-BA exhibited only weak activity 
because of its great stability, but 9THF-BA and 9THP-BA exhibited 
enhanced activity over BA because of their gradual release of the 
active form while being resistant to the alanine conjugation. 
1,7-Dimethyl-3-(hex-5'-en-1-yl)xanthine, a very effective 
inhibitor of 9-(cytokinin)alanine synthase, was found to potentiate 
the activity of BA in the soybean leaf bioassay. 
CHAPTER 7 Soybean leaf senescence, leaf abscission and pod 
-4 yellowing were markedly delayed by sprays of 10 M 9THP-BA plus SxlO 
5 Ma-naphthalene acetic acid. The pods on the sprayed plants turned 
yellow 5-10 days later than those on the control plants and the 
treated leaves remained dark green even when the pods had already 
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desiccated. The anti-senescence spray did not change pod numbers, 
seed numbers, seed size or the yield. By retarding senescence, seed 
nitrogen content was increased in both trichloroacetic acid-souble and 
-insoluble fractions. Seed total protein, buffer extractable total 
protein and globulin were increased by 26 mg, -1 28 mg and 33 mg g of 
seed flour, respectively, while albumin was decreased by 6 mg g-l 
The overall increase in seed protein caused by spray treatment is 
confined to the globulin fraction. 
Chapter 8 - A concluding chapter with discussion on the obtained 
results in a wider context than in the above Chapters. Some 
worthwhile projects for future research in this area are identified 
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CHAPTER ONE 
INTRODUCTION - AN OVERVIEW OF 
CYTOKININ METABOLISM AND 
TRANSLOCATION 
2 
1.1 CYTOKININS: AN OVERVIEW 
Preprogrammed expression of genetic information in a multicellular 
organism, such as higher plants, can only be realized through a 
complex coordinating system. It is widely believed that some groups 
of specific substances, called phytohormones or growth regulators, may 
be involved in this system. 
regulators. 
The cytokinins are one such group of 
By definition, cytokinins are compounds which promote cytokinesis 
in plant cells. At the experimental level, a cytokinin is defined as 
a compound which, in the presence of optimal auxin, induces cell 
division in the tobacco pith or certain other tissues (e.g. carrot 
phloem or soybean callus) grown on a defined medium. 
1.1.1 History 
The discovery of cytokinin (kinin as called initially) stems from 
experiments in which cell division in tobacco pith tissue cultures was 
stimulated by some unknown chemical factor in the presence of auxin 
(Skoog and Tsui 1948, Jablonski and Skoog 1954). The first compound 
possessing this activity to be isolated and identified was 6-
furfurylaminopurine termed kinetin (Miller et al. 1956). Kinetin, 
however, is not a naturally-occurring compound, but was an artifact 
resulting from the experimental procedures (Skoog and Leonard 1968, 
Scopes et al. 1976). It was not until the mid 1960s that the first 
naturally-occurring cytokinin, zeatin (Z), was isolated from Zea mays 
kernels (Letham 1963a) and identified as 6-(4-hydroxy-3-methyl-trans-
but-2-enylamino)purine (Letham et al. 1964). 
The term cytokinin was adopted subsequently to replace kinin 
(Letham 1963b, Skoog et al. 1965) in order to avoid confusion with 
3 
animal physiology. However, it has been demonstrated that, in 
addition to occurring in higher plants as free compounds and as 
component nucleosides of tRNA, cytokinins are also present in tRNA of 
animals and microorganisms. Zeatin-type cytokinins incorporated in 
tRNA of different organisms are predominantly cis-forms. 
1.1.2 Chemical Diversity 
Zeatin has proved to be a commonly occurring cytokinin in plants 
and a variety of other cytokinins have now been identified. Figure 
1.1 lists the major naturally-occurring cytokinins which have been 
identified conclusively in higher plants. A recent report claimed the 
natural occurrence of 6-benzylaminopurine riboside (BAR) in cultured 
anise cells from Pimpinella anisum (Ernst et al. 1983). It is 
worthwhile to note here another recent report concerning the tentative 
identification of a glycoside (probably glucoside) of zeatin riboside 
(ZR) in which the glycosyl moiety is at an unknown position on the 
ribose (Taylor et al. 1984). Since ~-glucosidase would hydrolyze such 
a glucoside to release ZR, caution should be exercised when using 
results based only on ~-glucosidase hydrolysis for 0-glucoside 
identification. Because this thesis is concerned with leguminous 
plants, critical studies of endogenous cytokinins in this family are 
presented in Table 1.1. 
Although all the naturally-occurring cytokinins identified so far 
(see reviews by Bearder 1980, Letham and Palni 1983), and many of the 
synthetic ones, including the two most widely used (kinetin and 6-
benzylaminopurine [BAJ) are purine derivatives, many synthetic non-
purine compounds also exert cytokinin-like activities. This makes it 
difficult to give the term cytokinin a chemical definition. The non-
purine cytokinins tested so far are composed of several groups of 
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compounds including some pyrimidine derivatives, urea and amide 
derivatives (Matsubara 1980). Among the s ynt hetic cytokinins, BA, 
kinetin (Matsubara 1980) and N-pheny-N'-1,2,3-thiadiazol-5-ylurea (Mok 
et al. 1982) have been found very effective. The activity of urea 
derivatives has been suggested to be due to their metabolism to purine 
derivatives (Burrows and Leworthy 1976). The structure-activity 
relationships of cytokinins have been studied intensively and reviewed 
comprehensively (Skoog et al. 1967, Letham 1978, Matsubara 1980). The 
activity of 9-substituted cytokinins which are particularly relevant 
to this thesis are dicussed in some detail in Section 6.4. 
1.1.3 The Effects of Applied Cytokinins 
Although defined physiologically as inducers of cell division in 
cultured tissues, cytokinins, when applied exogenously, evoke a wide 
range of physiological effects. Regulation of morphogenesis is 
probably the most dramatic effect of these. The classical concept 
that the ratio of auxin and cytokinin controls organogenesis, 
initially a conclusion reached from studies of cultured tobacco 
tissues (Skoog and Miller 1957), has been confirmed in many other in 
vitro systems. In mosses, bud formation is induced markedly by 
exogenous cytokinin (Brandes and Kende 1968, Bopp et al. 1986). 
Stimulation of cell enlargement is a very pronounced reponse observed 
when leaf discs (Miller 1956, Kuraishi 1959) and cotyledons (Letham 
1971, Tsui et al. 1980) are treated with cytokinins. Cytokinins can 
simulate some effects of light. These include germination of light-
sensitive seeds (Miller 1956), synthesis of betacyanin in Amaranthus 
seedlings (Kohler and Conrad 1966), synthesis of chlorophyll in 
detached yellow leaves (Dyer and Osborne 1971) and etiolated 
cotyledons (Fletcher and Mccullagh 1971), development of chloroplasts 
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(see review by Parthier 1979) and opening of stomata (Meidner 1967, 
Cooper et al. 1972, Biddington and Thomas 1978). Cytokinins are very 
effective in releasing lateral buds from apical dormancy (Phillips 
1975). Delay of leaf senescence is a very remarkable effect of 
cytokinins (Nooden et al. 1979). Probably allied with leaf senescence 
in some situations is direction of movement of nutrients and 
assimilates. This was first noticed when radioisotopically labelled 
amino acids were found to accumulate in the kinetin treated area of 
tobacco leaves (Mothes 1960). Very recently, BA has been demonstrated 
to influence unloading of phloem derived photosynthate into the 
apoplast of French bean seedcoats (Clifford et al. 1986). 
1.1.4 Cytokinins and the Development of the Intact Plant 
Plant physiologists have often speculated, and even concluded, 
that the above and other processes which can be influenced markedly by 
applied cytokinins are, in fact, under regulation by endogenous 
cytokinins . Such conclusions are often premature and the aspects of 
plant development which 
cytokinins are obscure. 
are actually controlled by endogenous 
However, there is some evidence that 
cytokinins are intimately involved in the control of the developmental 
processes discussed below. 
Seed Germination. Cytokinins may be, along with gibberellins (GA) 
and a variety of inhibitors such as abscisic acid (AbA), important 
regulators of seed germination (Khan and Tao 1978, Khan and Samimy 
1982, Van Staden et al. 1982, Wareing 1982) A general scheme for the 
hormonal interactions has been put forward by Khan (1971, 1975). It 
was proposed that GA was essential for germination and that the 
effects of inhibitors, if present, were countered by cytokinins. This 
role of cytokinin in the Khan model is based on the ability of 
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cytokinins, but not GA, to alleviate inhibition of germination in 
diverse species caused by exogenous AbA. Although the Khan model 
explained a number of physiological situations, it is probably an 
oversimplification. Other evidence that cytokinins are important in 
seed germination is outlined below. 
Firstly, radicle growth in Zea mays seeds was retarded by the 
removal of the endosperm. Smith and Van Staden (1979) reported that 
this radicle growth could be partially restored by a plant extract 
reported to contain cytokinin 0-glucosides. Similarly, the elongation 
of the radicle of sycamore seeds could be induced by exogenous 
kinetin, but not by GA (Pinfield and Stobart 1972). It was suggested 
by these workers that the endogenous cytokinins may be key factors in 
the initiation of radicle growth. 
Secondly, exogeno~s cytokinins have proved effective in overcoming 
the need for chilling to break dormancy in some seeds. Of these 
seeds, some experienced an increase in the level of endogenous 
cytokinin, as monitored by bioassays, prior to germination (see review 
by Van Staden et al. 1982). The endogenous cytokinins in some light-
sensitive seeds have also been reported to increase following their 
exposure to light (Van Staden et al. 1982). 
Thirdly, endogenous cytokinins seem to be important in reserve 
mobilization in germinating seeds, especially those of dicots. In 
many dicotyledonous seeds, food reserves are stored in the cotyledons. 
The activities of some hydrolytic enzymes appear to be promoted by 
cytokinins released from the growing embryo. The evidence for this is 
based on the ability of cytokinins to replace the axis in its action 
on reserve mobilization, an ability not usually shown by the other 
phytohormones (see review by Ilan and Gepstein 1980/1981). This is 
supported by work on germinating bean seeds (Hutton et al. 1982, 
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Hutton and Van Staden 1982a, 1982b) and pumpkin seeds (Engelbrecht et 
al. 1976, Rybicka et al. 1977), which indi cated that the endogenous 
cytokinins are produced in the embryonic axis from where they are 
exported to the cotyledons. Evidence for cytokinin involvement in 
reserve mobilization of monocot seeds has also been obtained. 
Cytokinin was shown by Eastwood et al. (1969) to have some promotive 
effects on the appearance of a-amylase activity in wheat. It was 
found that the aleurone tissue isolated free of starchy endosperm from 
quiescent wheat grains was dependent on a pretreatment with endosperm 
extract or kinetin before the applied GA could effectively stimulate 
the secretion of a-amylase. Exogenous cytokinin can initiate the 
mobilization of part of the triglyceride reserve and promote the 
retention of mineral ions in the aleurone layer (Tavener and Laidman 
1972a) . 
Early Seedling Development. Exogenous cytokinin and GA have been 
shown to substitute for the physiological influence of the roots on 
the growth of derooted soybean (Holm and Key 1969) and oat seedlings 
(Jordan and Skoog 1971). In the soybean, growth of the hypocotyl 
seemed to be regulated by a combination of cytokinin and GA, while in 
the oat seedlings, only cytokinin was effective in restoring 
coleoptile growth and auxin production in the coleoptile tip. 
Cytokinin has also been implicated in the control of the growth of the 
wheat coleoptile (Wright 1961, 1968). 
The most marked and best characterized response to cytokinin in 
seedlings is probably cotyledon expansion. Some cotyledons respond 
markedly to both GA and cytokinin (e.g. Xanthium), some markedly to 
cytokinin but only very weakly to GA (e.g. radish), and some only to 
cytokinin (e.g. cucumber in darkness and Trigonella (see ref. in 
Goodwin et al. 1978). 
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Exposure of squash cotyledons to light induces a marked but 
transient increase in cytokinin levels (Uheda and Kuraishi 1977). 
Hence the promotion of cotyledon development caused by light may be at 
least partially mediated by cytokinin. 
Bud Formation. The enhanced bud formation observed in the OVE 
mutants of the moss Physcomitrella patens is associated with a 25- to 
100-fold increase in the level of endogenous iP over that found in the 
wild type (Wang et al. 1981). From a series of studies with Begonia 
plants and cuttings (Heide 1972 and ref. therein, Zieslin et al. 
1984), it was found that a reduction of temperature or day length 
which elevated the endogenous cytokinin levels and lowered auxin 
levels, induced bud formation. Under non-inductive conditions (long 
days or higher temperatures), exogenous cytokinins were found to 
induce the bud formation. A low exogenous auxin/cytokinin ratio 
mimicked low temperature or short days and a high ratio had the same 
effect as high temperature or long days. Studies of the effects of 
exogenous auxin and cytokinin on epiphyllous bud formation in 
Bryophyllum under inductive and non-inductive photoperiods also 
support the concept of control of bud formation by auxin-cytokinin 
interaction (Skoog and Schmitz 1979). 
Crown gall tumors induced by different Agrobacterium tumefaciens 
mutants, which had been mutated specially at either the auxin or 
cytokinin synthesis gene loci, redifferentiated in accord with the 
classical auxin/cytokinin ratio concept (Akiyoshi et al. 1983). 
Release of Axillary Buds from Apical Dormancy. Direct application 
of cytokinin to axillary buds induces dramatic outgrowth of laterals 
in intact plants (Phillips 1975). Similarly, horizontal stolons are 
converted into leafy shoots by application of cytokinin (Phillips 
1975). While it has been proposed that inhibited buds lack the 
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capacity to synthesize cytokinins, lateral bud outgrowth in some cases 
appears to be dependent on a supply of cytokinin from the roots 
{Phillips 1975). 
Leaf Senescence. Senescence refers to the deteriorative processes 
which result eventually in death {Leopold 1980). Senescence is a 
genetically programmed phenomenon which can happen at different levels 
in a living plant, e.g. in a cell, an organ or the whole plant. The 
term leaf senescence therefore refers to this phenomenon when it takes 
place in leaves. Leaf senescence can be categorized into three main 
types: monocarpic leaf senescence, which is associated with the 
reproductive phase of monocarpic plants, sequential leaf senescence, 
in which leaves senesce in order, from base to plant apex, and 
deciduous leaf senescence, which commonly happens in perennial trees 
in autumn. 
The involvement of plant growth regulators in the control of leaf 
senescence has attracted much interest, but special attention has been 
given to the role of cytokinins, because of the dramatic effect evoked 
by exogenous cytokinins (see reviews by Nood~n and Leopold 1978, 
Thimann 1980). The pioneer work with respect to the involvement of 
cytokinins in the control of leaf senescence began in 1957, just after 
kinetin was discovered. Richmond and Lang (1957) reported that very 
low amounts of kinetin (5 ppm) reduced the protein and chlorophyll 
loss in detached Xanthium leaves over a period of 12 days. 
Subsequently, Mothes and Engelbrecht (1961) found that the retention 
of chlorophyll was restricted to the area of cytokinin application and 
that a 14c-labelled amino acid moved from another area to the site of 
cytokinin treatment. Osborne (1962) then demonstrated the maintenance 
of incorporation of labelled erotic acid into RNA, and of labelled 
leucine into protein in kinetin treated leaves. In the absence of 
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kinetin, the incorporation of both decreased during senescence. 
Investigation of cytokinin activity in xylem exudate and leaves of 
plants during development further revealed that leaf senesenece might 
be under the regulation of cytokinins in situ. It was found that the 
cytokinin activity of xylem sap of sunflowers increased during the 
e xponential growth phase, and decreased dramatically when growth 
ceased and flowering had commenced, suggesting that a reduction in the 
supply of cytokinins from roots to leaves is one of the factors 
leading to senescence (Sitton et al. 1967, Kende and Sitton 1967). A 
number of other studies support this suggestion (see e.g. Heindl et 
al. 1982). Furthermore, disbudding of Perilla (Seever and Woolhouse 
1974) and disbudding of tobacco (Colbert and Seever 1981) elevated 
cytokinin level in xylem sap markedly and delayed sequential leaf 
senescence, and also caused regreening of lower leaves in Perilla. 
Concurrent with the decline in supply of xylem sap cytokinin, at about 
t he commencement of reproductive growth, the cytokinin activity in 
leaves of some plants was found to be decreased (Mayak and Halevy 
1970, Hewett and Wareing 1973, Oritani and Yoshida 1973, Lindoo and 
Nood~n 1978, Ray et al. 1983). When the cytokinin level in rice 
leaves was declining, application of cytokinins retarded leaf 
senescence markedly (Ray et al. 1983). 
There have been many other studies emphasizing the importance of 
roots and root-produced cytokinins in the retardation of leaf 
senescence. Firstly, excision of lateral roots from soybean and pea 
seedlings induced senescence of leaves which could be prevented by 
exogenous cytokinin applied to the leaf (McDavid et al. 1973, Hsia and 
Kao 1978a). The application of BA to the primary leaves of intact 
soybean seedlings usually had no effect. Secondly, in classical 
experiments by Mothes and coworkers, application of cytokinin to the 
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blades of tobacco leaves had similar retarding effect on leaf 
senescence (Mathes and Engelbrecht 1963), as did the presence of roots 
on petioles. The development of roots along the petioles of Phaseolus 
vulgaris resulted in an accumulation of cytokinin in the leaves 
(Engelbrecht 1972). Thirdly, xylem supplied natural cytokinins, known 
to occur in soybean xylem exudate, retard leaf senescence in soybean 
stem explants (Nooden explant system). This application of cytokinin 
essentially replaces a root system in a physiological way (Neumann et 
al. 1983). The cytokinin doses used by Nooden and coworkers are now 
known to be in the physiological range (D.S. Letham and L.D. Nooden, 
personal communication). The Nooden explant system provides a unique 
method to study the control of monocarpic leaf senescence by the root, 
since the leaves senesce normally in the presence of a developing pod 
or pods. Fourthly, experiments involving partial root excision and 
cytokinin application indicate that flag leaf senescence in wheat is 
influenced by root-produced cytokinins (Herzog 1986). 
Hence root-produced cytokinins appear to play a very important 
role in the control of leaf senescence which may occur when the level 
of active cytokinins in leaves falls below a critical point 
(threshold). To account for the decrease in cytokinin level in mature 
leaves, another explanation is that the developing seeds (fruits) act 
as a strong sink to either attract cytokinins directly from the xylem 
transpiration stream or divert them from leaves (see review by 
Woolhouse 1983). 
(see Section 1.4) 
However, both these suggestions are questionable 
Seed Development. In general, seed development covers the 
ontogenic period from zygote formation until seed separation from the 
mother plant occurs. Cell division, cell expansion and seed 
desiccation are three stages taking place during this period (Muntz 
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1982). Developing seeds are very rich in cytokinins, not only in 
terms of quantity, but also diversity (see reviews by Letham 1978, Van 
Staden et al. 1982). Many studies have revealed a general pattern in 
cytokinin level with respect to seed development. Cytokinin level in 
the vegetative apices is low prior to and at anthesis, but these 
levels increase greatly after fertilization, and especially during the 
period of active cell division (see e.g. Jameson et al. 1982). In 
such situations, it is often difficult to determine cause and effect. 
However, early development of wheat grains appears to be through an 
effect on cell division mediated mainly by cytokinins originating from 
roots (Herzog 1982, 1986). Cytokinin level in seed decreases greatly 
when the food reserves have accumulated and the propagules mature. 
The peak of cytokinin activity during seed development usually seems 
to be associated witfi the liquid endosperm stage both in monocots and 
dicots (see review by Van Staden et al. 1982). 
While cytokinins may induce and control the cell division in seed, 
they have other possible roles in seed development. It has been 
suggested that the high concentrations of hormones (including the 
cytokinins) found in seed and fruit may be necessary for the creation 
of a strong physiological sink capable of competing with the remainder 
of the plant for nutrients (Luckwill 1977). With time, this 
hypothesis is getting more support (see reviews by Patrick 1982, 
Weaver and Johnson 1985). Exogenously applied cytokinins increased 
fruit set (Clifford 1981, Crosby et al. 1981), seed size (Michael and 
Beringer 1980) or total seed weight (Clifford 1981), in accord with 
the above hypothesis. Furthermore, as mentioned above, applied BA 
promotes phloem unloading of bean seedcoats (Clifford et al. 1986). 
A recently observed and less characterized aspect concerns 
cytokinin regulated storage protein accumulation during seed 
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development (Schroeder 1984). By injecting a-naphthelene acetic acid 
(NAA), BA or AbA into pea pod pedicels over the whole period of seed 
development, the total seed protein content was increased. Legumin 
increased in response to NAA and BA, and vicilin to AbA, implying some 
specificity between individual regulators and seed protein fractions. 
The combination of NAA and BA had an additive effect on increasing 
legumin and albumin while decreasing vicilin (Schroeder 1984). 
Knowing, in pea seed proteins, that sulphur exists most in albumin, 
then legumin and least in vicilin, the above modification would be 
significant in the improvement of legume seed protein quality. 
The Role of Root-Produced Cytokinins in the Shoot. It has been a 
long time since the work by Kulaeva (1962) and Sitton et al. (1967) 
raised the possibility that root-produced cytokinins affect shoot 
physiology and senescence. As mentioned above, cytokinins are now 
known to substitute for the effect of roots on shoot in some 
situations including lateral 
coleoptile growth, hypocotyl 
senescence. 
bud development, seed development, 
growth, and in particular, leaf 
In addition to these, the following aspects of shoot development 
may also be regulated by cytokinins produced in roots, although the 
evidence is less certain. These include development of inflorescence 
(Goodwin et al. 1978), photosynthetic activity (Wareing et al. 1968, 
Carmi and Koller 1979), sex expression in dioecious plants 
(Chailakhyan and Khryanin 1978, Chailakhyan 1979) and fruit set 
(Matthysse and Scott 1985). Lambers et al. (1982) have also proposed 
that the regulation for distribution of nitrogen between the roots and 
the shoot occurs in the shoot under the influence of root-borne 
cytokinins. 
All this information has brought about the widely accepted view 
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that root-produced cytokinins are translocated in the xylem to the 
shoot where they regulate shoot development and senescence. It has, 
however, to be noted that although roots have been regarded as a major 
site of cytokinin biosynthesis in plants, no conclusive evidence for 
this has been .provided with intact normal plants. Many other sites, 
particularly the cambium and other actively dividing tissues, may be 
capable of synthesizing cytokinins (see review by Van Staden and Davey 
1979; Chen et al. 1985). Nevertheless, partial root excision caused 
very marked reduction in cytokinin levels in shoots (Carmi and Van 
Staden 1983). This result is consistent with the view that the roots 
are perhaps the major source of shoot cytokinins, at least in 
vegetative plants. 
In summary, the evidence that endogenous cytokinins regulate some 
aspects of plant development is strong, but not absolutely conclusive. 
To provide conclusive evidence, to elucidate the mechanism(s) of 
action of cytokinins and to manipulate plant growth and development in 
the interests of mankind, are three major goals in the field of plant 
hormone research. Studies of cytokinin metabolism and translocation 
are essential to achieve these three objectives. 
1.2 CYTOKININ METABOLISM 
It is not overestimated to say, in the research of growth 
regulators, that elucidation of physiological problems was dependent 
on the solution of more basic chemical aspects. During the past two 
decades or more, the identities of naturally-occurring cytokinins and 
cytokinin metabolites have been largely established; this undoubtedly 
has provided a sound basis for the plant physiologists. Although most 
of the knowledge with regard to cytokinin metabolism has been based on 
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experiments where the fate of radioisotopically labelled cytokinins 
was traced, all the metabolites of exogenously applied z are now known 
to occur normally in plants (see review by Letham and Palni 1983). 
1.2.1 Metabolic Pathways 
For convenience in description, cytokinin metabolism can be 
divided into the five pathways discussed below. 
Sidechain Cleavage. Adenine (Ade), adenosine (Ado) and Ado 5'-
monophosphate (AMP) are often found as metabolites after application 
of purine cytokinins to plant systems. This is especially the case 
when long-term experiments are conducted and when the naturall-
occurring compounds Z, ZR, isopentenyladenine (iP) and 
isopentenyladenosine (iPA) are applied. Using tobacco stem pith 
tissue, Paces et al. (1971) first detected an enzyme which could 
cleave the isopentenyl sidechain of iPA to yield Ado. From Zea mays 
kernels, a similar enzyme was partially purified and characterized 
(Whitty and Hall 1974, Brownlee et al. 1975). The enzyme involved is 
termed cytokinin oxidase because the reaction needs oxygen. It was 
found that the unsaturated isopentenyl sidechain group is necessary in 
substrates of this enzyme. Although Z, iP and their ribosides can be 
rapidly degraded, the synthetic cytokinins, BA and kinetin which have 
unsaturated rings at N6, and iPA whose sidechain is saturated, are all 
not attacked appreciably by the enzyme. In some cases, e.g. delay of 
leaf senescence, BA exhibits higher activity than Z or iP, and its 
resistance to sidechain cleavage appears to contribute to this (Tao et 
al. 1983). Interestingly, very recent work by Chatfield and Armstrong 
(1986) showed that BA, kinetin, dihydrozeatin (DZ) and dihydrozeatin 
riboside (DZR), although not substrates of cytokinin oxidase, can 
induce activity of this enzyme in bean callus. 0-glucosides of Zand 
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ZR (OGZ and OGZR) are not substrates of cytokinin oxidase either 
(Scott et al. 1982). In contrast, zeatin-7-glucoside (Z7G), zeatin-9-
glucoside (Z9G) and lupinic acid (LA) are oxidized by the enzyme 
(Scott et al. 1982). However, many reports have showed that Z7G, Z9G 
and LA are very stable in plants (see next Section), implying that 
they must be compartmentalized in the cell away from the oxidase. 
The importance of cytokinin oxidase in the regulation of 
endogenous cytokinin levels is obvious because the sidechain cleavage 
results in inactivation of cytokinins which is irreversible and 
complete. Cytokinin oxidase also plays a major role in the catabolism 
of exogenously applied cytokinins which are substrates of this enzyme. 
The mechanism of the sidechain cleavage by cytokinin oxidase is still 
not clear; it might involve an unstable intermediate (Whitty and Hall 
1974). A synthetic cytokinin, thidiazurea, has recently been found to 
be a competitive inhibitor of cytokinin oxidase (Chatfield and 
Armstrong 1986). Because of the fact that BA, kinetin and DZ also 
undergo the cleavage of the N6-substitutent in some plant tissues (see 
review by Letham and Palni 1983), another enzyme with similar 
function, but without the specific structural requirement for an 
isopentenyl chain, must exist. 
Sidechain Modification. At present, at least two types of 
modification on cytokinin sidechains are known. 
a) Hydroxylation. In a number of plant tissues, iP and iPA have 
been found to be sterospecifically hydroxylated to give trans-Zand 
trans-ZR, respectively (see review by Horgan 1984). This reaction may 
be a general one in plants where zeatin-type cytokinins occur since it 
appears to be a step in biosynthesis. Interestingly, as a residue 
present in tRNA, iPA is sterospecifically hydroxylated to give cis-ZR. 
b) Reduction. When z and ZR are supplied to plant tissues, 
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dihydro forms occur as metabolites (see Table 1.2) and the sidechain 
becomes saturated. No study has been carried out in the enzymology of 
cytokinin sidechain reduction. Hence it is not known whether 
reduction occurs at the level of the base, riboside or nucleotide. 
Conjugation with Glucose. This type of metabolism is very 
commonly found with both naturaly-occurring and synthetic cytokinins 
(see Table 1.2). According to the position of glucosylation, the 
glucosides formed can be categorized as N-glucosides (glucosyl moiety 
attached to N-3, N-7 or N-9 of purine ring) and 0-glucosides (glucosyl 
moiety attached to the oxygen of the sidechain). All the cytokinin 
glucosides recorded so far in plant tissues are P-D-glucopyranosides. 
a) N-glucosylation. An enzyme which catalyzes mainly formation of 
Z7G was partially purified and characterized from radish cotyledons 
(Entsch et al. 1979). This enzyme, cytokinin 7-glucosyltransferase, 
has a molecular weight of 46,500. The preparation of this enzyme also 
converted BA into both 7- and 9-glucosides (BA7G and BA9G), with the 
former more abundant (Entsch et al. 1979). The mechanism is thought 
to involve the formation of a 
r 
terary complex of both the substrates 
(cytokinin and uridine diphosphate glucose) with the enzyme which then 
undergoes reaction and sequentialy releases the products (Entsch et 
al. 1979). The activity of cytokinin 7-glucosyltransferase has been 
found to be inhibited by some compounds including purine-cytokinin 
analogues and urea derivatives (Parker et al. 1986). Interestingly, 
it has been found that two purine-cytokinin analogues, 3-methyl-7-
pentylaminopyrazolo[4,3-d]pyrimidine and 4-cyclopentylamino-2-
methylthiopyrrolo[2,3-d]pyrimidine are inhibitors of the enzyme as 
well as being anticytokinins (Skoog et al. 1973, Helgeson et al. 1974, 
Skoog et al. 1975). Kinetic studies with the formRter compound have 
demonstrated that the enzyme inhibition is a competitive type (Entsch 
et al. 1980, Parker et al. 1986). 
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The 3-glucoside of BA (BA3G) has 
been identified in some tissues (Wilson et al. 1974, Letham et al. 
1975, Tao et al. 1983), but the enzyme responsible has yet to be 
found, which seems to be different from the enzyme converting 
cytokinin bases to their 7- and 9-glucosides (McGaw et al. 1984b). 
b) 0-glucosylation. The hydroxy group on the sidechain of zeatin-
type cytokinins is also a position at which glucose can be conjugated. 
OGZ, OGZR, 0-glucosyldihydrozeatin (OGDZ) and 0-glucosyldihydrozeatin 
riboside (OGDZR) have been conclusively identified in a number of 
plant tissues (see review by Letham and Palni 1983). They are 
extremely abundant in mature and senescing leaves as metabolites of 
both endogenous and exogenous cytokinins (Duke et al. 1979, Wang et 
al. 1979, Palmer et al. 1981a, Van Staden and Davey 1981a). They are 
also endogenous in iupin podwalls and seeds (Davey and Van Staden 
1978b, Summons et al. 1979b, 1981). However, although the exact 
chemical structures of these compounds are known, the mechanism of the 
enzymic 0-glucosylation is unknown. 
Conjugation with Alanine. Parker et al. (1975) first detected an 
amino acid conjugate of z in derooted seedlings of blue lupin (Lupinus 
angustifolius). It is called ~-(zeatin-9-yl)alanine or lupinic acid 
(LA) (Duke et al. 1978, Parker et al. 1978). The sidechain saturated 
alanine conjugate, dihydrolupinic acid (DLA), has also been identified 
from yellow lupin (~. luteus) seeds as a metabolite of applied Z 
(Entsch et al. 1980). Synthesis of LA has been performed in a cell 
free system (Murakoshi et al. 1977). The enzyme responsible for its 
biosynthesis in vivo, ~-(9-cytokinin)alanine synthase (CAS) or ~-(6-
alkylaminopurin-9yl)alanine synthase, has been partially purified and 
characterized from lupin seeds (Entsch et al. 1983). Its molecular 
weight is about 64,500. The reaction uses 0-acetyl-L-serine as 
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alanine donor and the mechanism is ping pong bi bi (Cleland 
nomenclature). Besides Z, the synthetic cyto kinin BA is also subject 
to conjugation with alanine, which takes place at N-9 of purine ring 
too (Letham et al 1979, Elliott and Thompson 1982/1983). The enzyme 
which converts BA to its alanine conjugate (9Ala-BA) also appears to 
be CAS (Entsch et al. 1983). Parker et al. (1986) have recently 
reported that some auxins and ureas are competitive inhibitors of CAS. 
One synthetic auxin, 5,7-dichloroindol-3-ylacetic acid, was found to 
be extremely effective with a Ki value of 0.4 µM. Thus, for the first 
time, auxins have been found to be involved in a specific aspect of 
cytokinin metabolism. 
Interconversion of Bases, Ribosides and Nucleotides. When 
cytokinin bases or nucleosides (9-ribosides) are supplied to plant 
tissues, ribosides arid nucleotides are often found (Table 1.2). The 
application of zeatin riboside 5'-monophosphate (ZMP) also resulted in 
of bases and ribosides (S. Singh, personal the formation 
communication). Therfore, it appears that cytokinin free bases, 
ribosides and nucleotides are interconvertable in plants. Several 
enzymes have been studied which catalyze cytokinin base, riboside and 
nucleotide interconversions. The uncertainty remains whether 
cytokinin-specific enzyme systems are involved in addition to those 
already characterized, which also catalyze the interconversion 
reactions of Ade, Ado and AMP (Chen 1981) . 
Recently, Lee et al. (1985) have reported the identification of 0-
ribosylzeatin (ORZ) and 0-ribosylzeatin riboside (ORZR) as metabolites 
of Zin bean embryos. 
Because of the numerous pathways discussed above, plants have the 
ability to convert cytokinins into a great diversity of metabolites. 
However, in the plant tissues in which cytokinin metabolism has been 
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intensively studied, the spectra of metabolites vary from very simple 
(e.g. those of Zin radish roots, derooted radish seedlings and ash 
embryos) to very complex (e.g. that of z in lupin seedlings) (see 
Table 1.2). The differences between tissues, organs, species and 
stages of plant development no doubt all contribute to this diversity. 
While there is much information regarding metabolite diversity, little 
is known concerning their physiological significance (Letham and Palni 
1983, McGaw et al. 1984b). This is discussed next. 
1.2.2 The Physiological Significance of Cytokinin 
Metabolites 
A metabolite of cytokinin, or of any hormone could be: (a) a 
detoxification product formed when the amount of exogenous hormone is 
so high as to be toxic; (b) an inactivation product, formation of 
which may be coupled with hormone action; (c) a deactivation product 
formed to lower normal physiological hormone levels; (d) an active 
form, i.e. a molecular species which binds to a receptor to evoke a 
growth or physiological response; (e) a storage form which would 
release free active hormone when required; (f) a translocation form in 
which the hormone moves from one tissue to another; (g) a derivative 
formed to facilitate cytokinin uptake and transport through membrane 
into cells. These possibilities are discussed below with repect to 
particular cytokinin metabolites. 
Nucleotides. It has been widely recorded that after application 
of cytokinin bases and ribosides to plant tissues, the principal 
metabolites are often ribotides (5'-mono-, di- and tri-) (see review 
by Letham and Palni 1983; Nooden and Letham 1984). Kinetic studies by 
Nooden and Letham (1984) with soybean explants showed that the level 
of ZMP and its dihydro form (DZMP) derived from ZR dropped rapidly 
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when uptake was complete. The above studies indicate a possible role 
for cytokinin nucleotides in cytokinin uptake. Letham and Palni 
(1983) have discussed the possible coupling between the uptake of 
cytokinin bases and their phosphoribosylation, bas~d on information on 
purine base uptake by cultured mammalian cells (Marz et al. 1979) and 
isolated membrane vesicles of E. coli (Hochstadt-Ozer and Stadtman 
1971) as well as cultured plant cells (Doree et al. 1970). A 
relationship between nucleotide formation and cytokinin uptake has 
been shown for BA and iPA in cell and tissue cultures of tobacco and 
Acer (Laloue et al. 1974, 1977) . If the processes governing the 
uptake and compartmentation of cytokinins are similar to those of 
other purines, there are reasons to suppose that nucleotide formation 
may be a significant metabolic step. The significant effect is 
probably either directly on membrane permeability, allowing entry or 
preventing leakage of these compounds, or on the further transport and 
metabolism of the compound so that uptake can continue. 
Laloue and Pethe (1982) have proposed that cytokinin nucleotides 
may play a central role in the regulation of the levels of various 
forms of cytokinin metabolites since the abundantly accumulated 
nucleotides in cultured tobacco cells were readily converted to 
cytokinin bases and ribosides. The finding that isopentenyladenosine 
5'-monophosphate (iPMP) may be the first product during cytokinin 
biosynthesis (see review by Letham and Palni 1983) is further evidence 
of the importance of cytokinin nucleotides. 
Ribosides. ZR and DZR have been found to be the principal 
cytokinins in the xylem sap of some plant species (see Section 1.3.1). 
Hence it has been proposed that ribosides are the major translocation 
form of cytokinin in the tranpiration stream of plants. This is 
discussed later in Section 1.3.1. Although cytokinin ribosides evoke 
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activity similar to that of bases in bioassays of many kinds, they may 
not be biologically active themselves (Laloue and Pethe 1982, 1985). 
N-glucosides and Alanine Conjugates. In some plant tissues, N-
glucosylation is the major form of metabolism of exogenously supplied 
cytokinins. Some examples are the formation of Z7G in derooted radish 
seedlings and radish roots, DZ-7-glucoside (DZ7G) in radish seedlings 
and BA7G in cultured tobacco cells, and BA7G, BA9G and BA3G in radish 
cotyledons (see Table 1.2; Gawer et al. 1977). In some other plant 
tissues, such as bean (Phaseolus vulgaris) seedlings (Letham et al. 
1979) and soybean callus (Elliott and Thompson 1982/1983), the major 
metabolite of applied BA is a purine N-9 alanine conjugate, 9Ala-BA. 
7-, 9-Glucosides and alanine conjugates of cytokinins are very 
stable in plant tissues and have much less activity compared with 
their free bases (Letham et al. 1983, Palni et al. 1984). However, 
BA3G can be hydrolyzed by plants (Letham et al. 1983) to its aglycone, 
and this may account for its high activity in bioassays (Letham et al. 
1983) . BA7G and BA9G have been reported to be resistant to 
degradation by emulsin (~-glucosidase from almonds) (Letham et al. 
1975), but minor conversion of labelled BA7G to BA nucleotide has been 
observed (Gawer et al. 1977). Interestingly, as mentioned before 
(Section 1.2.1), although degraded by cytokinin oxidase in solution, 
Z7G, Z9G and LA seem to be protected from its attack in plant tissues 
due probably to compartmentation in cells or tissues. 7-Glucosides 
are dominant metabolites of cytokinins in radish cotyledons, the 
expansion of which is promoted markedly by exogenous cytokinin. An 
attempt has been made to assess the physiological significance of 
cytokinin N-glucosides in radish cotyledons (Letham and Gollnow 1985). 
It was concluded: (1) they were not simply detoxification products; 
(2) they were not inactivation products formed as a consequence of 
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cytokinin action; (3) they were not "active forms" responsible for the 
activity of supplied cytokinin bases; (4) they may be both storage and 
translocated forms, since [3H]Z7G applied to cotyledons moved to the 
root. However, the possibility that they are deactivation products 
formed to lower normal physiological hormone levels remains. 
The significance of alanine conjugates is obscure. Although these 
conjugates have been regarded as potential deactivation products (see 
reviews by Letham and Palni 1983, McGaw et al. 1984b), release of free 
Z from LA has been observed (Palni et al. 1984) and they could be 
storage forms. 
O-q1ucosides. The cytokinin 0-glucosides, namely OGZ, OGDZ, OGZR 
and OGDZR have been unequivocally identified in many species as 
metabolites of exogenously supplied cytokinins (Table 1.2), as well as 
endogenous cytokinins · (see review by Letham and Palni 1983; Table 
1.1). Cytokinin 0-glucosides appear to be most abundant in mature 
leaves (Hewett and Wareing 1973, Henson and Wareing 1976, Van Staden 
1976b, Palmer et al. 1981a) and high levels occur in developing lupin 
pods (Summons et al. 1979b) and wheat grains (Jameson et al. 1982). 
Although it seems, from studies using supplied cytokinins, that 
cytokinin 0-glucosides are produced by every type of plant tissue 
(McGaw et al. 1984b), this may not the case for endogenous cytokinins. 
Thus, Hutton and Van Staden (1985) have reported that glucosylation is 
apparently not a normal feature of cytokinin metabolism in immature 
leaves, but application of Z to such immature leaves resulted in the 
formation of 0-glucosides. 
The O-glucosides appear to be the best candidates for acting as 
cytokinin storage formes on the following grounds: (1) they may not be 
active per se, but they are hydrolyzed in plant tissues to release the 
corresponding cytokinin bases and ribosides (Palni et al. 1984 and 
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ref. therein), hence in bioassays they exhibit high activity (Letham 
et al. 1983); (2) cytokinin oxidase cannot act directly on them (Scott 
et al. 1982); (3) when plant tissues accumulate cytokinin activity 
(determined by bioassay), much of the increase in activity appears to 
be due to 0-glucoside metabolites, the level of which may rise much 
more markedly than that of cytokinin bases and ribosides (Summons et 
al. 1980, Palmer et al. 1981a, Van Staden and Davey 1981a); (4) 
following induction of some phases of plant development, the level of 
0-glucosides appears to fall rapidly, e.g. during germination of maize 
seed (Smith and Van Staden 1978), lateral bud development in bean 
seedlings (Palmer et al. 1981a), and breaking of dormancy and growth 
in potato tubers (Van Staden and Dimalla 1978). However, more 
definite evidence is required that decline in 0-glucoside level 
results in an elevation of active cytokinins. It also has been 
proposed that the formation of cytokinin 0-glucosides in mature leaves 
may be a prerequisite for leaf senescence (Hutton and Van Staden 
1984b). This will be discussed further in Section 1.4.2. 
Dihydro Form Cytokinins. DZ derivatives are frequently found in 
the plant tissues to which Z or ZR were supplied (Table 1.2). 
However, the reduction does not appear to be reversible. The dihydro 
forms of cytokinins appear to be very abundant in some legume plant 
tissues, e.g. DZR and OGDZR in yellow lupin pods (Summons et al. 
1979b) and OGDZ in Phaseolus vulgaris leaves (Palmer et al. 1981a). 
Bearing in mind that the saturated sidechain gives the cytokinins 
resistance to cytokinin oxidase, it is reasonable to consider the 
reduction of sidechain as a way of stabilization. 
Bases. In spite of so many kinds of cytokinins which have been 
unequivocally identified, we are still not sure which is the active 
form(s). Usually, bases and ribosides exhibit similar activity which 
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is higher than that of other forms. Hence they both could be active 
forms. However, in low density tobacco cell suspension cultures, 
Laloue and Pethe (1982, 1985) have observed that cytokinin bases were 
much more active than their ribosides in stimulating cell division, 
and that the activity of cytokinin ribosides depends on their 
conversion to bases. This issue is particularly important. Since DZ 
does not revert to Zin plant tissues, both z and DZ are presumably 
active forms. Because of the marked difference in stability between z 
and DZ, it is reasonable to postulate different functions for these 
two apparently active forms. Z may be regarded as an unstabilized 
active form of cytokinin and maintenance of its level requires 
continuous cytokinin biosynthesis. DZ may be regarded as a stabilized 
active form, resistant to cytokinin oxidase, and a prolonged effective 
level may not depend -on continuous biosynthesis. 
In summary, ribosides appear to be important translocational forms 
in the xylem; 0-glucosides are probably storage forms in diverse plant 
tissues; bases appear to be active forms per se; nucleotides may be 
associated with uptake by cell and appear to play a central role in 
metabolism being the first products of biosynthesis; the roles of the 
N-glucosides and alanine conjugates are more obscure, but appears to 
be complex. 
It is not surprising that higher plants have multiple pathways for 
cytokinin metabolism. The complexity of coordination between 
different organs spatially and within cells and tissues temporally, in 
order to achieve programmed growth and development, may require such a 
multiple pathway system. This enables active hormone levels to be 
altered markedly (a requirement for change in growth rate and phase 
shift in development) in diverse tissues and generates hormonal 
signals with the appropriate characteristics for transmission in xylem 
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and phloem and between non-vascular cells. 
1.3 CYTOKININ TRANSLOCATION 
As a type of coordinator of plant growth and development, 
cytokinins, like other phytohormones, must move actively within 
plants. Unfortunately, our knowledge of cytokinin translocation is 
much poorer than that of metabolism. The fundamental questions such 
as the identities of cytokinin translocational forms, the type of 
translocation and the controls of the translocation rate have yet to 
be elucidated adequately. In a new era of cytokinin biochemistry 
where studies are expected to be closely linked to aspects of whole 
plant development (Letham and Palni 1983), the above knowledge of 
cytokinin translocation is essential. 
It was, at first, assumed that cytokinins were relatively immobile 
in plants due to the observation that when kinetin was applied to the 
surface of a leaf, its effects on senescence and metabolite 
accumulation were strictly localized. Applying the classical agar 
block method (Went 1928), Osborne and colle~ues (Osborne and Black 
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1964, Black and Osborne 1965, Osborne and Mccready 1965) did the first 
direct investigation into cytokinin translocation in plants. Numerous 
reports concern movement of synthetic cytokinins along segments of 
petioles, stems and coleoptiles, from a donor to a receiver agar block 
(see ref. in Letham 1978, Davenport et al. 1979). More recently, 
movement of Z has also been studied in Coleus petiole segments using 
this classical experimental system (Jacobs 1976). Depending on the 
species of plants and segments of different ages, and on whether or 
not !AA was also applied, cytokinin movement was either apolar or 
basipetal in the above studies. No clear concepts have emerged from 
these investigations and the velocity of 
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movement (about 1 mm h ) is 
consistent with passive diffusion. When polarity of movement has been 
observed, its significance remains obscure, and it should be noted 
that unphysiologically high concentrations of cytokinin (e.g. 160 µM), 
which may even be toxic, were often supplied in the agar blocks. 
Fortunately, most workers have moved away from the above type of 
"transport system" which yields meaningful results with auxins but 
appears to be physiologically irrelevant as far as cytokinins are 
concerned. Cytokinins now appear to move principally in the xylem and 
phloem transport streams and this was first demonstrated by Lagerstedt 
and Langston (1974) who studied translocation of [14c)kinetin in 
tobacco and other intact plants. Today, increasing attention is being 
focussed on cytokinin translocation in the xylem and phloem of intact 
plants. 
1.3.1 Translocation in Xylem 
Cytokinin activity in xylem sap was first reported by Kulaeva 
(1962) and since then has been detected in the saps of diverse plant 
species (see reviews by Goodwin et al. 1978, Letham 1978, Van Staden 
and Davey 1979). Xylem-transferred cytokinins appear to be largely 
derived from roots which are generally agreed to be one (if not the 
major) site of cytokinin synthesis 
mentioned above). 
(see the same three reviews 
Cytokinin levels in xylem sap appear to change markedly during 
plant development and in response to various environmental factors 
such as photoperiod, nutrition, pH, root temperature, water stress 
(both logging and deficiency), salinity and to other growth regulators 
(Skene 1975, Goodwin et al. 1978, Van Staden and Davey 1979). 
However, these changes may reflect altered rates of biosynthesis in 
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the root rather than a change in the transport system per se. 
While a variety of cytokinins may occur in xylem sap of different 
plants, the available evidence strongly suggests that ZR and DZR are 
the major translocational forms of endogenous cytokinins in the xylem 
of many species. ZR has been identified conclusively in the saps from 
sycamore, Horgan et al. 1973), soybean (Heindl et al. 1982) and French 
bean (Palmer and Wong 1985), while chromatographic evidence indicates 
that ZR is the dominant cytokinin in the xylem sap of numerous other 
species (Goodwin et al. 1978, Letham 1978). Xylem saps from French 
bean, soybean and Eucalytus spp. (Hall et al. 1987) have also been 
found to contain DZR. However, cytokinin nucleotides, bases and 0-
glucosides may also occur, as found with French bean and Eucalytus 
spp .. Cytokinin bases applied to plant roots also appear to move in 
the xylem as ribos1des (Gordon et al. 1974, Ramina 1979). The 
mobility of kinetin riboside in apple xylem is much greater than that 
of kinetin and BA (Hill-Cottingham and Lloyd-Jones 1968) 
Further information concerning cytokinin translocation in the 
xylem is very limited and there are only three reports (Summons et al. 
1981, Nooden and Letham 1984, 1986) regarding translocation of 
exogenous ZR. The following observations, however, may be 
significant. 3 Firstly, when exogenous [ H]ZR (Summons et al. 1981) and 
[3HJkinetin (Bowen and Wareing 1969) were translocated in the xylem of 
lupin and willow, respectively, a considerable proportion of the 
cytokinin or metabolites moved laterally into the phloem tissue. 
Lateral movement of ZR from the xylem of radish may also occur (Gordon 
et al. 1974). Secondly, leaves and developing lateral shoots of lupin 
appeared to receive a large proportion of exogenous cytokinins moving 
up xylem, and lupin seeds, although rich in cytokinin, did not appear 
to be a sink in which a substantial proportion of the xylem cytokinin 
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accumulated (Davey and Van Staden 1981, Summons et al. 1981, Nooden 
and Letham 1984). Thirdly, the distribution of radioactivity within 
th h t f l t f 11 . 1· . f [14 ]k' · es oo o pea pans o owing app ication o C inetin to the 
root was influenced by the presence of the apex and by the application 
of auxin to the upper internode of decapitated plants (Morris and 
Winfield 1972). In decapitated plants not treated with auxin, 14c was 
diverted to the axillary buds. Fourthly, conditionsproviding enhanced 
transpiration rates (including light versus darkness) promoted 
movement of BA and its metabolites from root to shoot (Mozes and 
Altman 1977). While these observations with BA are consistent with a 
largely passive movement in the transpiration stream, the actual 
velocity of BA movement, when supplied through the root tip of intact 
Citrus aurantium seedlings, was less than would be expected for common 
nutrients and for water (Mozes and Altman 1977). Thus BA is not 
freely translocated with the transpiration stream. This may be due to 
sequestration , metabolic modification, or to interchange between the 
xylem and adjacent tissues. There are two weaknesses in the above 
studies with labelled cytokinins: the use of BA and kinetin, unnatural 
compounds, may be unphysiological, especially when applied at 
concentrations of several mM as done by Bowen and Wareing (1969) and 
Mozes and Altman (1977); the translocated radioactivity was not 
rigorously identified in any of these studies. 
Cytokinin translocation from root to shoot in the xylem is 
undoubtedly of great significance in plant development. It is 
unfortunate that so little is known regarding this translocation and 
the distribution of the xylem cytokinins in the shoot. 
1.3.2 Translocation in Phloem 
Our understanding of cytokinin movement in the phloem is extremely 
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limited. While cytokinin activity has been detected in phloem saps 
from both herbaceous and woody plants (Letham 1978, Davey and Van 
Staden 1979), only one phloem cytokinin has been identified with some 
certainty. The cytokinin activity of Yucca phloem exudate was found 
to be due mainly to a phosphate of ZR, presumably ZMP, and this 
cytokinin appeared to be derived from z derivatives, including 
probably OGZ, present in Yucca leaves (Vonk et al. 1981). 
Chromatographic studies indicated that OGZ may be a major cytokinin in 
honeydew of willow trees (Van Staden 1976a) and DZ was the main 
labelled cytokinin in phloem sap exud~ed by pods of white lupin 
plants which had been supplied with [3HJZR through the roots (Summons 
et al. 1981). Since phloem, unlike xylem, is a living tissue, the 
major translocational forms of cytokinin in it would be expected to be 
those which are resistant to enzymic degradation, e.g. 0-glucosides, 
DZ and its riboside. 
Kinetin applied to the bark of willow partially moved to the xylem 
where it was translocated acropetally (Bowen and Wareing 1969). If 
endogenous cytokinins behave similarly, then long-distance cytokinin 
movement in the intact plant may be very complex, with acropetal 
movement in the xylem, bidirectional movement in the phloem and 
interchange between xylem and phloem. 
1.4 STUDIES OF CYTOKININ METABOLISM AND TRANSLOCATION IN RELATION TO 
PLANT DEVELOPMENT 
Studies of the metabolism of exogenous cytokinins are sometimes 
criticized because the supplied compounds may create an 
unphysiological situation. However, such studies are important for a 
number of reasons which include the following: (1) they may result in 
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the recognition of the active form(s) of cytokinin, i.e. the molecular 
species which actually bind to a 0 receptor to evoke a physiolgical 
A 
response; (2) the identity of the bound (storage) forms of cytokinins 
which appear to occur in plants may be elucidated; (3) a knowledge of 
cytokinin metabolism in a particular organ or plant is necessary 
before meaningful studies of cytokinin translocation can be undertaken 
in that system; (4) studies of metabolites may lead to the recognition 
and identification of new endogenous cytokinins which would have 
otherwise escaped detection; (5) finally, metabolite formation may 
constitute a mechanism for regulating cytokinin activity levels and 
hence plant development. In this section, previous studies, which 
have used radioactive cytokinins to examine the metabolism and 
translocation of cytokinins in relation to plant development, are 
reviewed. Further worthwhile studies of this type, especially 
concerning this thesis, are then identified. 
1.4.1 An Overview of Previous Studies 
Unfortunately, there are very few critical studies of metabolism 
and translocation of radioactive cytokinins, in relation to plant 
development in which the metabolites involved were identified with 
reasonable certainty. These are discussed below under the systems 
concerned. 
Bean Plants. In disbudded, decapitated bean plants, OGDZ level 
(determined by GC-MS) gradually rose to -1 very high values (500 ng g 
fresh wt) in the primary leaves. This large accumulation did not 
occur in leaves of intact plants, or in leaves of plants that were 
decapitated but not disbudded (Palmer et al. 1981a). When secondary 
lateral buds were allowed to grow, the levels of OGDZ in primary 
leaves rapidly declined to that found in the leaves of intact plants 
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-1 (ca. 100 ng g ) . A similar loss of OGDZ was observed in detached 
leaves. The cause of the decline in OGDZ level associated with 
lateral bud development is obscure. Two possibilities are: (1) export 
of leaf cytokinins occur; (2) the OGDZ was utilized and subject to 
destructive metabolism within the leaf, perhaps as a consequence of a 
decline in supply of xylem cytokinin to the leaf due to diversion to 
the developing lateral bud. When [14c]z was supplied to bean roots, 
0-glucosides were the main metabolites in leaves (Wareing et al. 
1977). Hence the high level of OGDZ referred to above could be 
derived from root-produced cytokinins. Experiments using radioactive 
OGDZ could be designed to determine if this glucoside is mobilized to 
provide active cytokinin for the development of the lateral buds. 
This would be an important extension of the previous work. 
Radish Cotyledon Expansion. Cytokinins induce the expansion of 
excised immature cotyledons and delay the onset of senescence in 
mature cotyledons. Letham and colleagues have examined the cytokinin 
metabolism associated with these phenomena (Letham et al. 1982, Letham 
and Gollnow 1985 and ref. therein). The metabolism of exogenous 
cytokinin in radish (Raphanus sativus) cotyledons has proved 
relatively simple, the predominant metabolites being the N-glucosides. 
Little oxidative sidechain cleavage occurs. Exogenous cytokinin-3-
glucosides and 0-glucosides were found to be biologically active, but 
the activity was attributed to released free base, since BA3G was 
found to be metabolized to BA, BA7G and BA9G, while OGZ yielded z and 
Z7G. BA7G and BA9G proved to be extremely stable metabolites. Letham 
and Gollnow (1985) found that cotyledon expansion could be related to 
the levels of BA in the base, riboside and nucleotide forms, but not 
to the N-glucosides in the same tissue. This was determined by 
transferring expanding cotyledons from cytokinin-containing media to 
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cytokinin-free media and observing the rapid decline in the levels of 
the nucleotide, riboside and base forms of the cytokinin associated 
with the cessation of growth. However, the levels of N-glucosides did 
not decline. Glucosylation at N-3, -7 and -9 occurred at BA 
concentrations far below the optimum for growth. 
glucosides are not detoxification products. 
Hence these 
Lettuce Seed Germination. Cytokinins promote germination of 
in darkness. After uptake of light-requiring lettuce seed 
[14cJkinetin by these seeds for 2 h, the major metabolite was kinetin 
nucleotide which accounted for 67% of the total 14c extracted (Miernyk 
and Blaydes 1977). As uptake and germination proceeded, the 
contribution of the nucleotide to metabolite radioactivity declined 
rapidly, but there was a marked conversion of the nucleotide to free 
base coincident with ·the onset of cell division which occurs at about 
12 h. AMP appeared to be the major metabolite of kinetin nucleotide. 
It was suggested (Miernyk and Blaydes 1977, Pietraface and Blaydes 
1981) that cytokinin nucleotides were storage forms in this system. 
However, they are more probably metabolites associated with uptake 
since their contribution to extracted radioactivity declines as uptake 
proceeds. 
Kinetin-induced germination of lettuce seed is markedly inhibited 
by AbA. AbA was found to inhibit strongly the conversion of kinetin 
to both kinetin nucleotide and AMP (Miernyk 1979). However, 
conversion of exogenous Ade to AMP was not suppressed. The inhibition 
of kinetin metabolism by AbA may reflect an actual hormonal 
interaction involved in lettuce seed germination. 
Cell Division in Artichoke Tissue. Auxin induces cell division in 
this tuber tissue in which the endogenous cytokinin appears to be ZR. 
Metabolism of [ 3H]ZR was studied by Palmer et al. (1984) in non-
34 
dividing and auxin-induced synchronously dividing explants over the 
first 36 h of culture. ZMP was the principal metabolite in both 
tissues at 12 h, but thereafter ZMP continued to accumulate in non-
dividing tissue while its level declined markedly in the auxin-induced 
tissue. These differences in metabolism were evident before onset of 
mitosis. Since ZMP, but not OGZR (also a prominent metabolite of ZR), 
was labile in dividing tissue, Palmer et al. (1984) suggested that ZMP 
may be a readily available storage form, while OGZR could be a 
permanently sequestered form of ZR in this system. However, the high 
level of ZMP soon after the start of culture is still consistent with 
an involvement of ZMP in uptake. The study under review is the first 
reported comparison of cytokinin metabolism in dividing and non-
dividing tissues. The results raise the possibility that exogenous 
auxin may regulate endogenous cytokinin metabolism to trigger cell 
division. 
Apical Dominance in Solanum. A significant study concerning the 
relationship between cytokinins and apical dominance is that of 
Woolley and Wareing (1972a) who decapitated plants of Solanum 
andigena. The top lateral buds of decapitated plants tend to develop 
into stolons, rather than into leafy 
applied to the apical stump. When 
shoots, if an IAA-GA3 mixture is 
(14c]BA was supplied to the stems 
of such plants, the cytokinin and its riboside did accumulate to some 
extent in the tips of induced stolons, but showed an increased 
accumulation there as a result of removal of the IAA-GA3 mixture from 
the apex. This increased cytokinin content may be associated with the 
resulting transformation of the stolon into a leafy shoot. 
In further experiments using decapitated, two-node cuttings of 
Solanum andigena without roots, Wooley and Wareing (1972b) observed 
that application of IAA to the upper cut surface suppressed the 
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accumulation, in the lateral buds, of BA supplied at the base of the 
cutting. IAA did not appear to reduce the accumulation of BA in 
lateral buds by diversion to the point of IAA application, but IAA did 
promote the formation of an unknown metabolite of the cytokinin in 
stem tissue (Wooley and Wareing 1972b). Hence auxin appears to 
regulate both the translocation and the metabolism of cytokinin. 
Other less rigorous studies of cytokinin metabolism related in 
varying degrees to plant development are in literature, e.g. studies 
of cytokinin metabolism and translocation in maize seeds (Van Staden 
1981a, 1981b), bean seeds (Hutton and Van Staden 1982a, 1982b, Hutton 
et al. 1982) and white lupin (L. albus) plants (see Section 3.1). 
Studies of this type are all subject to the criticisms given in 
Section 3.1. They result in no conclusions of physiological 
relevance. Because of their particular importance to the theme of 
this thesis, studies concerning leaf senescence and seed development 
are assigned sectional status and are discussed below. For 
completeness, some studies involving determination of cytokinin levels 
by bioassays have been included. However, conclusions drawn from 
these particular studies must be viewed as tentative. 
1 . 4.2 Cytokinin Metabolism and Translocation in Relation to Leaf 
Senescence and Seed Development 
Metabolism studies have shown that not only the content of 
cytokinins, but also their chemical forms, in leaves are very 
significant in relation to leaf senescence. As already mentioned in 
Section 1.2, a very distinctive feature of cytokinins in mature and 
senescent leaves is the predominance of 0-glucosides. This phenomenon 
has been well demonstrated by many studies, e.g. that of Henson and 
Wareing (1976) with Xanthium strumarium. In this species, apical buds 
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and first leaves contained mainly ribosylzeatin-like and less zeatin-
like compounds. Half expanded leaves and the fastest growing leaves 
contained both ribosylzeatin- and zeatin-like compounds, as well as an 
unknown polar cytokinin-like derivative. In fully expanded leaves the 
levels of the ribosylzeatin- and zeatin-like compounds were greatly 
reduced, while that of the unknown polar compound was greatly 
increased. When successively older leaves were examined, the 
proportion of the unknown polar compound increased until it 
represented about 80% of the detected cytokinins. This polar 
cytokinin undoubtedly represents a 0-glucoside. The pronounced 
accumulation of endogenous cytokinin 0-glucosides in mature leaves 
implies that they are not active in delaying leaf senescence (Palmer 
et al. 1981a, Van Staden et al. 1983, Hutton and Van Staden 1984b). 
However, the fact that they evoke an activity similar to bases and 
ribosides in some bioassay systems (Letham et al. 1983) strongly 
implies suppression of their activity in situ in tissues, probably by 
compartmentation. The hypothesis that formation of cytokinin 0-
glucosides is an essential prerequisite for mature leaves to senesce 
(Van Staden et al. 1983, Hutton and Van Staden 1984b) needs further 
assessment. Palmer et al. (1981a) also suggested that the prevention 
of leaf senescence might require a continuous supply of cytokinin, 
rather than a high level of cytokinin which may be inactivated by 
metabolism and/or compartmentation in the leaf. 
Comparative studies of cytokinin metabolism in senescent and 
nonsenescent leaves have been very limited. In senescent leaves of 
Populus nigra, the dominant metabolites of [3HJZR were compounds which 
lacked a ribose moiety, in particular, OGZ and OGDZ. However, in 
expanded but nonsenescent leaves, the ribosides of these compounds 
were pricipal metabolites. Cytokinin deribosylation is thus a form of 
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metabolism associated with leaf senescence in this Populus species 
(Letham et al. 1977) . Between senescent and nonsenescent radish 
cotyledons, differences in cytokinin metabolism has also been found 
(Letham and Gollnow 1985). BA3G, the BA glucoside with high cytokinin 
activity, was .not formed in appreciable amounts as a metabolite of BA 
in senescent cotyledons, but was a minor metabolite in nonsenescent 
cotyledons. The ratio of BA7G/BA9G for senescent cotyledons (0.94) 
was appreciably different from that for nonsenescent ones (1.43); this 
might have been due to a difference in ratio of two enzyme activities 
(Entsch and Letham 1979). In terms of Zand ZR metabolism, Z7G was 
the dominant metabolite only in nonsenescent cotyledons, while Ado and 
Ade nucleotides were much more prominent metabolites in senescent 
cotyledons than in nonsenescent ones. This suggests that radish 
cotyledon senescence is associated with enhanced isoprenoid sidechain 
cleavage which irreversibly inactivates cytokinin. However, in 
soybean explants, Nooden and Letham (1984, 1986) did not observe any 
substantial alternation in the metabolism of [3HJZR supplied through 
the transpiration stream, as senescence progressed. 
Thus the above metabolism studies did not reveal consistent 
differences in metabolite patterns between senescent and nonsenescent 
leaves. However, this may be due to the diversity of the leaves used 
which exhibit differing types of leaf senescence: Populus, deciduous 
senescence; radish cotyledons, a type of sequential senescence; and 
soybean, monocarpic senescence. 
Synthetic cytokinins are often more active than naturally-
occurring cytokinins in retarding leaf senescence (see Section 1.4.3). 
Comparison of the metabolism between BA and Zin oat leaf segments 
(Tao et al. 1983) partially rationalized their different activity in 
delaying leaf senescence. After a four-day period, the supplied Z was 
38 
metabolized to Ado, AMP and other metabolites without senescence 
retarding activity. In contrast, some of the supplied BA still 
remained unmetabolized and some of it was converted to a highly active 
senescence retardant identified as BA3G by mass spectrometry. It was 
also revealed .that the higher activity of BA, relative to z, in this 
system is not due to differences in uptake of the two compounds by the 
leaf segments. 
The only definitive studies of translocation of labelled 
cytokinins in relation to leaf senescence are by Nooden and Letham 
(1984, 1986), who showed that xylem supplied ZR does not move 
preferentially to developing seeds. This result contradicts a view 
that induction of monocarpic leaf senescence is due to diversion or 
redistribution of xylem cytokinins into the seeds. 
Although seed cytokinins have been studied in numerous species, 
only Zea mays, Lupinus luteus and Phaseolus coccineus have been 
examined critically by mass spectrometric methods (Letham 1973, 
Summons et al. 1979b, 1981, Sodi and Lorenzi 1982). Generally, it 
seems that the developing seeds contain very high levels of 0-
glucosides as well as ribosides and there is a gradual decrease in 
cytokinin level as the seeds mature (Van Staden 1978b, Summons et al. 
1981, Jameson et al. 1982). Applied [3H]Z and [3HJZR were rapidly 
broken down via sidechain cleavage in sweet corn kernels and immature 
apple seeds (Entsch et al. 1979, Summons et al. 1980), but in yellow 
lupin seeds, sidechain reduction and 0-glucosylation were dominant 
(Entsch et al. 1980). Use of the Nooden explant system suggests that 
developing seeds do not accumulate their high level of endogenous 
cytokinins from the xylem (Nooden and Letham 1984, 1986). However, 
there are no studies which closely relate translocation and metabolism 
of supplied cytokinins to stages of seed development. 
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1.4.3 Purpose of the Present Investigations 
As reviewed previously (Section 1.1.4), cytokinins are implicated 
in many aspects of plant development. Well designed studies of 
cytokinin biosynthesis, translocation and metabolism in relation to 
all these aspects could provide new insight into their hormonal 
control. Existing studies in these areas are very limited or non-
existent (see Sections 1.4.1 and 1.4.2). Greater emphasis should be 
placed on studies with the cytokinins endogenous to the systems 
concerned. 
Root-produced cytokinins moving in the xylem probably controls 
many aspects of shoot development (Section 1.1.4). One previous 
investigation (Nooden and Letham 1984, 1986) has challenged the 
conventional concept that developing seeds act as a strong sink, 
competing with other parts of the shoot for the root-produced 
cytokinins, and that leaf senescence starts because of this cytokinin 
diversion. This aspect needs to be further extended with more 
rigorous experiments. Investigation of cytokinin translocation in 
xylem is of great relevance to our understanding of whole plant 
development, yet there have been no satisfactory studies of this type. 
Accordingly in this thesis, a critical study of cytokinins in the 
xylem has been made for the first time (Chapters 3 and 4). This also 
has relevance to sequential leaf senescence, lateral bud development 
and seed development. For the main studies of cytokinin 
translocation, blue lupin was chosen because: (1) it exhibits 
sequential leaf senescence; (2) lower lateral buds develop slowly even 
when the shoot apex is present; (3) well developed pods form with 
large seeds facilitating studies of seed cytokinins; ( 4) 
inflorescences develop in sequence giving seeds of varying maturity 
from the same plant; (5) cytokinins have been implicated in the 
40 
control of leaf abscission in this species (Carr and Burrows 1967, 
Burrows and Carr 1967); (6) the stem develops a lignified xylem and an 
extracambial region ("bark") which can be readily peeled off to 
facilitate studies of lateral movement in the stem; (7) root excision 
does not cause wilting of the shoot, which facilitates direct supply 
of cytokinins to the transpiration stream. In additional 
translocation studies, yellow lupin plants were used because the 
peduncle develops to a much greater degree than it does in blue lupin 
and as a result, the pods are much more remote from the leaves. 
Therefore, these studies have provided complemantary information. 
When considering an investigation into the role of cytokinins 
during plant development, it is essential to know the chemical 
identity and endogenous levels in the tissues or organs of particular 
concern. Recent development in the methodology of plant growth 
regulator research, especially the gas chromatography-mass 
spectrometry (GC-MS) stable isotope dilution and immunoassay methods 
(Weiler 1984, Palni et al. 1986), has enabled us to carry out critical 
studies with respect to endogenous cytokinins. It is unfortunate that 
most studies of endogenous cytokinins in leguminous plants have been 
based only on tentative identification by chromatographic properties 
and quantification by bioassay. 
in Table 1.1. 
The limited critical ones are listed 
In view of the above considerations, the following approaches were 
thought to be essential: 
(1) conclusive identification and quantification of 
endogenous cytokinins in lupin xylem sap; 
(2) conclusive identification and quantification of 
endogenous cytokinins in developing lupin seeds; 
(3) elucidation of the fate of xylem-transported labelled 
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cytokinins , which should be the chemical forms 
occurring normally in the transpiration stream . 
While the study of the fate of xylem-transported cytokinins is 
basic to our understanding of the natural control of leaf senescence, 
it is also ve~y significant to be able to regulate leaf senescence 
effectively by direct application of cytokinin to leaves. In this 
regard , metabolism studies are also important and these considerations 
are addressed in the remainder of this thesis. 
Soybean was chosen for this study because of its importance as a 
grain legume and also because of the basic physiology concerning its 
leaf senescence which has been established by Nooden and associates. 
The pattern of soybean leaf senescence falls into the monocarpic type. 
It has been shown that the capacity of the soybean leaves to produce 
photosynthates for seed growth appears to decrease at the time when 
the demand by the seeds is greatest (Okatan et al. 1981). This 
implies that the leaf senescence of soybean may be one of the limits 
to the crop's yield. Therefore, retardation of soybean senscence may 
be significant in agronomic practice as well as in basic physiology. 
Designing highly effective senescence retardants is hence of great 
importance. 
endeavour. 
Metabolism studies can definitely contribute to this 
In cytokinin bioassays dependent on the retardation of leaf 
senescence, the synthetic compounds, BA and kinetin, are usually more 
effective than z and iP (Letham 1967, Varga and Bruinsma 1973, Kuhnle 
et al. 1977, Kaminek and Lustinec 1978, Dumbroft and Walker 1979, 
Letham et al. 1983). This trend has also been observed in intact 
soybean plants (Lindoo and Nooden 1978). Although kinetin is more 
effective than BA (Mishra and Misra 1973) on mature cereal leaves, BA 
is somewhat more effective than kinetin on legume leaves . Hence it 
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was sensible to commence our project in this aspect with the study of 
BA metabolism by soybean leaves (Chapter 5). Inactivation and 
deactivation metabolism are often the reason for restriction of the 
activity of growth regulators. Minimization of these kinds of 
metabolism of BA in soybean leaves was an objective of the present 
study and was achieved by the use of enzyme inhibitors (Chapter 5) and 
also by structural modification (Chapter 6). These approaches, based 
on metabolism studies, yielded very effective methods for retarding 
soybean leaf senescence. Finally, a highly effective senescence 
retardant was applied to intact soybean plants to assess the effect of 
senescence retardation on plant development and seed proteins (Chapter 
7) • 
Table 1.1. Selected Studies of Endogenous Cytokinins in 
Leguminous Plantsa 
Species 
Lupinus luteus 
Podwalls 
Seeds 
Phaseolus 
coccineus 
Cytokinin 
* DZR OGZ OGDZ OGZR 
* OGDZR 
* * Z DZ ZR DZR OGZ 
* OGDZ OGZR OGDZR 
* * * 
Reference 
Summons et al. 1979b 
Summons et al. 1981 
Seeds Z DZ DZR ZMP DZMP Sodi & Lorenzi 1982 
Phaseolus 
vulgar is 
Roots 
Leaves 
Stem 
Xylem sap 
Glycine max 
Z ZR OGZ OGZR 
DZR 
* OGDZ 
ZR DZR ZMP DZMP 
OGDZ OGZMP 
ZR DZR ZMP DZMP OGZ 
OGDZ OGZR OGDZR 
OGZMP OGDZMP 
* * Root exudate z DZ ZR DZR 
Scott & Horgan 1984 
Wang & Horgan 1978 
Wang et al. 1977 
Palmer et al. 1981b 
Palmer & Wong 1985 
Heindl et al. 1982 
a identifications are all by MS but nucleotides have been 
hydrolyzed by alkaline phosphatase prior to MS 
* major components. 
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Table 1.2. Selected Studies of the Metabolism of 
Cytokinins. All the critical ones with leguminous plants 
are included. 
Cytokinin, Plant Tissue and 
References 
Metabolites Identified 
z 
* Radish roots (Gordon et al. Z7G, ZMP, ZR, Ade 
1974) nucleotides 
Zea mays roots (Parker et al. Z9Ga, ZMP, ZR, Ade, Ado, 
1973, 1974, Cowley et al. Ade nucleotides 
1978) 
Alnus glutinosa root nodules 
(Henson and Wheeler . 1977) 
Radish seedlings, derooted 
(Cowley et al. 1978, Parker 
and Letham 1973) 
Lupin seedlings, derooted 
(Parker et al. 1975, 1978, 
Duke et al. 1978) 
Phaseolus vulgaris primary 
leaves (Palmer et al. 1981c) 
Populus albus leaves 
(Duke et al. 1979, Letham 
et al. 1977) 
Ash embryos (Tzou et al. 
1973) 
ZR, DZ, OGZ, OGDZ, Ade, 
Ado 
*a Z7G , ZMP, ZR, Ade, Ado, 
Ade nucleotides 
OGZa, LAa, ZMP, DZMP, DZ 
ZR, DZR, Z7G, Z9G, OGDZ, 
OGZR, OGDZR, DLA, Ade, Ado 
Ade nucleotides 
OGZ, OGDZ, OGZR, Ade, 
* Ado, ureides 
OGZa, OGDZa, OGDZRa, Adoa, 
Z7G, Z9G, DZ, ZR, AMP 
* ZR, ZMP, ZDP, ZTP 
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Table 1.2 (continued) 
DZ 
Phaseolus vulgaris embryos 
(Lee et al. 1985) 
Phaseolus lunatus embryos 
(Lee et al. 1985) 
ZR, OGZ, ORZ, ORZR , ZMP 
ZR, OGZ , OGZR, ZMP 
Yellow lupin seeds, immature ZR, DZR, OGZ, OGDZ, OGZR, 
(Entsch et al. 1980) OGDZR, LA, DLA, AMP 
Apple seeds, immature (Entsch DZ, DZR, ZR, Z9G, OGZ, 
et al. 1980) OGDZ, LA, Ade, Ado, Ade 
nucleotides 
Phaseolus vulgaris primary 
leaves (Palmer et al. 1981c) 
Phaseolus vulgaris stems 
(Palmer et al. 1981b) 
Radish seedlings 
(McGaw et al. 1984a) 
DZR, OGDZ, OGDZR, Ade, 
Ado, ureides 
* * DZR, DZMP 
DZ7G*a, DZ9G, DZ3G 
ZR 
Populus nigra leaves (Letham 
et al. 1977, Duke et al. 1979) 
Zea mays caryopses 
(Summons et al. 1980) 
Soybean leaf blades (Nooden 
and Letham 1986) 
* OGZR, OGDZR, DZR, Z, DZ 
* OGDZR, OGDZ, Z, DZ, Ade 
* * Ado, Ade nucleotides 
* Z, DZ, DZR , OGZ, 
* OGDZ, OGZR, OGDZR, ZMP , 
DZMP, LA/DLA, Ade, * Ado 
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Table 1.2 (continued) 
OGZ 
Yellow lupin leaves, detached 
(Parker et al. 1978) 
Phaseolus vulgaris primary 
leaves (Palmer et al. 1981c) 
OGDZ 
Phaseolus vulgaris primary 
leaves (Palmer et al. 1981c) 
LA 
* Z, DZ, OGZ, OGZR, Ado 
Z, OGDZ, OGZR, Ade, 
* Ado, ureides 
* DZ, DZR, OGDZ, OGDZR, 
Ade, Ado, ureides 
Yellow lupin leaves,_ detached (most LA unmetabolized) 
(Parker et al. 1978) 
iP 
Tobacco cells (Laloue 
et al. 1975, 1977) 
iPA 
BA 
Tobacco cells (Laloue 
et al. 1974, 1977) 
Soybean callus (Elliott 
and Thompson 1982/1983) 
Phaseolus vulgaris seedlings 
(Letham et al. 1979) 
iP7Ga, iPMP, iPDP, iPTP, 
Ade, Ado, Ade 
* nucleotides 
iPMP, iPDP, iPTP, Ade, 
* * Ado, Ade nucleotides 
* 9Ala-BA 
* 9Ala-BA 
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Table 1.2 (continued) 
Oat leaf segments 
(Tao et al. 1983) 
Radish cotyledons 
(Letham et al. 1983) 
* major metabolites 
* BA7G, BA3G, BA9G, BAMP 
a identified principally by mass spectrometry. 
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Figure 1.1. Structures, names and abbreviations of common naturally-occurring cytokinins 
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CHAPTER TWO 
GENERAL METHODS 
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2.1 EXTRACTION METHODS 
2.1.1 Extraction of Methanol-Soluble Material 
After dissection, the plant material was dropped into solvent (10 
-1 o 
ml g fresh wt tissue) chilled at -20 C. Two solvents were used: 
methanol-formic acid-water (MFW, 15:1:4, by volume, all by volume 
later on) and methanol-acetic acid-water (MAW, 75:3:25). The 
resulting mixtures were left and stirred occasionally at -20°c for 1-2 
days (MFW) or at least 4 days (MAW). After homogenization, the 
mixtures were left stirring at 4°c for at least another 48 hand were 
then centrifuged. The pellet after centrifugation was reextracted 
with the same solvent (5 ml -1 g fresh wt tissue). The two 
supernatants were combined and the solvent was removed under reduced 
pressure below 40°c. · The dried material was then dissoled in 50 % 
-1 
ethanol (1 ml g fresh weight tissue) for thin-layer chromatography 
(TLC). In the experiments using excised soybean leaf discs, 
homogenization and centrifugation were omitted, but a step of further 
shaking for 4 hat 23°c was added. MeOH-H2o (7:3) was used, instead 
of MFW or MAW, to extract the metabolites of 9-substituted BA 
derivatives because the substituents are acid-labile (Section 6.2.3). 
2.1.2 Extraction of Methanol-Insoluble Material 
The above solvent-insoluble residues were dried, suspended in 0.5 
N KOH (5 ml g-l fresh wt tissue) and left with occasional stirring for 
40 hat 23°c. The mixtures were centrifuged and the supernatants 
neutralized with HOAc or HC10 4 and used for determination of 
radioactivity or further TLC analysis, respectively. 
The above described extraction procedures are shown schematically 
in Figure 1.1. 
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2.2 GENERAL AUTHENTIC MARKERS 
Z, ZR, DZ (as racemic mixture), iP, iPA, BA, BAR, 9THP-BA, Ade, 
Ado, AMP, cAMP, 2'-/3'-AMP, GMP, 2'-GMP, 3'-GMP, N-(purin-6-yl)glycine 
(NPG) and ino~ine were all purchased from Sigma. The following 
compounds have been synthesized previously by the methods cited in the 
references given: DZR (Badenoch-Jones et al. 1984b), ZMP (Summons et 
al. 1983), LA, DLA, OGZ, OGDZ, OGZR, OGDZR, Z7G, Z9G and BA9G (Letham 
et al. 1977, Cowley et al. 1975, 1978; Duke et al. 1978, 1979), BAMP 
(Tao et al. 1983), and 9Ala-BA (Letham et al. 1979). 
6-(5-Hydroxypentylamino)-9-~-D-ribofuranosylpurine 5'-
monophosphate (HRPP) was synthesized by refluxing 6-chloropurine 
riboside 5'-monophosphate (Na salt, 31 mg) and 5-aminopentan-1-ol (32 
mg) in 3 ml of distilled water for 3 h. The solution was then 
partitioned against equal volumes of ethyl acetate twice and n-butanol 
twice to remove unreacted amine and evaporated. 
crystallized from tt2o-n-propanol at -20°c to give HRPP. 
2.3 COLUMN CHROMATOGRAPHIC METHODS 
2.3.1 Cellulose Phosphate 
The product was 
Samples were taken up in water (pH 3, HOAc) and then passed 
through a column of cellulose phosphate (Whatman Pl, floe cation 
exchanger) in the NH 4+ form equilibrated to pH 3, 
-1 (5 ml g fresh wt 
tissue). The column was then washed with three column volumes of 
water (pH 3, HOAc) and one column volume of water. The effluent 
containing the neutral and acidic compounds (including cytokinin 
nucleotides) was collected. The basic substances (including cytokinin 
nucleosides, glucosides and bases) were then eluted from the column 
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with five column volumes of 0.5 N NH 40H. The eluent was dried under 
reduced pressure at 40°c. 
2.3.2 DEAE Cellulose 
The nucleotide sample was taken up in water (pH 8, NH 40H) and 
passed through a column of DEAE Cellulose (Whatman DEl, coarse 
fibrous) in the Hco3 form equilibrated to pH 
-1 8 (2 ml g fresh wt 
tissue). The column was washed with five column volumes of water (pH 
8, NH 40H) and then eluted with five column volumes of NH 4Hco3 solution 
(10 %, w/v). The eluate was dried under reduced pressure and freed of 
bicarbonate by repeated addition and evaporation of methanol or 
preferably butanol. 
2.3.3 Baker c18 Column 
An aqueous solution (1 % HOAc) of base and riboside cytokinins was 
passed through a Baker c 18 column ('Baker'-10 SPE c 18 , 3-ml, J.T. 
Baker Chemical Co., Phillipsburg, NJ, USA) prewashed with MeOH and 1 % 
HOAc. The column was then washed with 1 % HOAc. z, DZ, ZR and DZR 
were eluted with MeOH-H20-HOAc (35:75:1) and iP and iPA were eluted 
with EtOH-H20-HOAc (80:20:1). 
2.3.4 Paraffin/Silica Gel 
Silica gel (Ajax Chemical Co., 100-200 mesh) was mixed with a 6% 
solution of liquid paraffin (d=0.87-0.89) in petroleum ether, filtered 
and dried. The paraffin-impregnated silica gel was slurried with 
water and packed into a column. The column was then washed with water 
and sample (pH 7) applied (1 ml g-l fresh wt tissue). The column was 
washed with water until the eluent cleared (4 column volumes) and the 
cytokinin fraction was then eluted with MeOH-H:COOH-H2o (5:1:5). 
53 
2.4 THIN-LAYER CHROMATOGRAPHY 
2.4.1 Layers 
Layers spread in this laboratory and purchased (precoated) were as 
follows: 
A, Merck (E. Merck, Darmstadt, FGR) silica gel 60 
PF254; 
B, Merck silica gel 60 GF254 ; 
C, Serva (Serva Feinbiochemica, Heidelburg, FGR) 
cellulose with Woelm green fluorescent indicator 
(M. Woelm, Eschwerge, FDR, 0.75 % w/w); 
D, Merck silica gel 60 HF254 ; 
El, B impregnated with dimethylpolysiloxane-5X (DMPS-
5X, Sigma) and with liquid paraffin (Ajax, Sydney) 
only at the bottom, 1.0 cm above origin; 
E2, B impregnated with liquid paraffin; 
F, Merck precoated silica gel 60 F254 ; 
G, Merck precoated silica gel HPTLC RP-2 F254 ; 
H, Camag silica gel DF-5. 
To prepare El and E2, the layers were impregnated with 6% 
solutions of paraffin or DMPS-5X in petroleum ether (see Nooden and 
Letham 1984, Letham and Gollnow 1985). 
2.4.2 Solvents 
Solvents used were as follows (proportions by volumes) 
A, n-BuOH-14 N NH 40H-H20 (6:1:2, upper phase); 
B, MeOH-H20 (2:3); 
C, MeAc-H20-HOAc (100:25:8); 
D, acetonitrile-H2o (2:3); 
E, CHC13-MeOH (9:1); 
F, n-BuOH-HOAc-H2o (12:3:5); 
G, iPrOH-14 N NH 40H-H2o (14:3:3); 
H, MeOH-H20 (1:4); 
I, MeOH-H2o (3:7); 
J, Me0H-H2o (1:1); 
K, iPrOH-14 N NH 40H-H2o (12:1:7); 
L, isobutyric acid-14 N NH40H-EDTA(0.1M)-H20 
(500:21:8:279, pH 4.6); 
M, PrAc-HOAc-H2o (20:9:5); 
N, MeAc-EtOH-HOAc-2,2-dimethoxypropane-formic acid 
(180:20:10:2:0.5); 
O, methyl ethyl ketone-HOAc-H2o (16:1:4); 
P, methyl ethyl ketone-H20-14 N NH 40H-n-PrOH 
(10:1:1:1.2). 
2.4.3 Dyes 
The following dyes were used as markers for TLC: 
Dl, meldola blue (Gurr-Searle Diagnostic, High 
Wycombe, Bueks, England); 
D2, drimarene brilliant blue K-BL (Polysciences, 
Warrington, Pennsylvania, USA); 
D3, rhodamine B (Hopkin & Williams, Essex, England); 
D4, bromocresol green (Aldrich); 
D5, fast green FCF (E. Gurr, London, England); 
D6, orange G (E. Gurr); 
D7, congo red (Matheson Coleman & Bell, USA); 
DB, toluidine blue (G.T. Gurr); 
D9, p-rosaniline (Sigma); 
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D10, bromophenol blue (BDH) ; 
Dll, nile blue (G.T. Gurr); 
D12, eosin (BDH). 
2.4.4 One Dimensiona1 TLC Systems 
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Three frequently used 1D-TLC systems are showed in Figures 2.2a , b 
and c. These were used for characterization of cytokinin metabolites. 
Three other 1D-TLC systems used mainly for separating cytokinins prior 
to radioimmunoassay (RIA) and MS are presented in Figures 2.2d, e and 
f. 
2.4.5 Two Dimensiona1 TLC Systems 
System A. On layer A samples were first developed by solvent F. 
After thorough air-drying, D4, D5 and D6 were spotted on and just 
below the positions of D8 and Dl. The plate was then developed in the 
second dimension with solvent A (Figure 2.3a). 
System B. On layer D, samples were first developed with solvent 
A. By scraping off a narrow zone (1 mm) of silica gel, the layer was 
then divided into two parts (lower and upper). Dl, D5 and D8 were 
spotted on the lower part to indicate the locations of zeatin 
glucosides (ZG) and LA/DLA after the layer was developed in the second 
dimension with solvent F. D7 and NPG served as the relevant markers 
in the first dimension. The upper part of the layer was developed 
with 50% EtOH (containing 3% HOAc) only to about 2 cm in order to 
compact the compounds to be separated. It was then impregnated with 
liquid paraffin by allowing a 6% solution in petroleum ether to travel 
to the top, then developed with water and finally with solvent I 
(Figure 2.3b). 
System C. Samples on layer B were also developed first with 
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solvent A. The layer was then divided into three parts. For the 
second dimension, the upper and middle parts were handled the same way 
as for the upper and lower parts in System B. However, layer B 
contains gypsum as a binder and this causes slight differences in 
chromatographic behavior and also streaking of some dyes. Hence D6 
and cAMP replaced D8 and Dl used in System B. On the lower part of the 
layer, nucleotides (ZMP/DZMP, AMP and GMP) were separated by 
developing with solvent K. With this system, sixteen cytokinins or 
metabolites can be separated. Because of insufficient authentic 
markers of 0-glucosides, LA/DLA and ZMP/DZMP, the dyes DS, D6, D7 and 
the purine NPG were used in separation of plant extracts to locate 
glucosides, cAMP to indicate LA/DLA and HRPP to indicate ZMP/DZMP 
(Figure 2.3c). 
System D. Samples on layer El were first washed with water and 
developed by solvent H (twice). The layer was then turned 90° and 
petroleum ether was allowed to flow up the layer twice to carry 
paraffin and DMPS-SX to the top of the layer. After drying, it was 
developed with solvent A (Figure 2.3d). 
2.5 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY 
High performance liquid chromatography (HPLC) was carried out with 
equipment supplied by Waters Associates (Milford, Mass., USA). 
Solvents were delivered by two constant flow-rate pumps (Model M-
6000A) and controlled by a Model 680 Automated Gradient Controller. 
Samples were introduced through a Model U6K universal injector, and 
the absorbence of the column effluent was monitored at 254 and 280 nm, 
using a Model 440 detector with output to a dual-pen recorder. All 
samples were prepared in eluting solvents and filtered prior to 
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injection. All solvents were HPLC grade: EtOH, MeOH (Waters), acetic 
acid (Unichrome, Ajax). HPLC systems used are as follows: 
System 
A 
Column 
Zorbax c8 semi-prep. 
(9.4x250 mm; Du Pont) 
B µBondapak phenyl 
(3.9x300 mm; Waters) 
C RCMlOO c8 cartridge 
(Waters) 
D Zorbax c8 semi-prep. 
(9.4x250 mm; Du Pont) 
E Techsil 10 ~ 8 semi-
prep. ( 8. Ox250 mm; 
HPLC Tech. Ltd. ) 
F 
G 
Zorbax c8 semi-prep. 
(9.4x250 mm; Du Pont) 
µBondapak c18 semi-
prep. (7. 8x300 mm; 
Waters) 
a proportions by volume 
b ml min-l 
Solventa 
MeOH-H20-HOAc 
(40:60:1) 
MeOH-H20-HOAc 
(50:50:1) 
MeOH-H20-HOAc 
(40:50:1) 
MeOH-H20-HOAc 
(35:65:1) 
MeOH-H20-HOAc 
(30:70:1) 
MeOH-H20-HOAc 
(45:55:1) 
Flow Rateb 
4.5 
2.0 
3.5 
4.5 
4.0 
3.5 
4.0 
c multiple gradient elution: 1) concave 20-35% MeOH for 12.5 min, 
Waters programmer number 10; 2) convex 35-75% MeOH for 7.5 min, 
Waters programmer number 2; 3) isocratic 75% MeOH for 10 min. 
Separation profiles of cytokinins on Systems D, E, F and Gare 
shown in Figure 2.4. 
2.6. CYTOKININ HYDROLYSIS 
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2.6.1 Nucleotide Hydrolysis 
The dried residues of the nucleotide samples were taken up in 
water and pH adjusted to 10.4 Alkaline phosphatase (EC 
3.1.3.1, Type III-S from E. coli; Sigma) was added (100 units ml-l g-l 
fresh wt tissue) and the mixtures were incubated for 4 hat 37°c. The 
resulting nucleosides were then extracted three times with an equal 
volume of water-saturated n-BuOH at pH 5-8. For chemical cleavage to 
bases, the nucleotide samples were dissolved in water (1 ml) 
containing Naro4 (5 mg); after 4 h at 37°c, cyclohexylamine (CHA, 
100 µl) was added and the solution was left for another 3 hat 37°c. 
After evaporation, the residue was dissolved in water and the 
cytokinin bases were extracted three times with an equal volume of 
water-saturated n-BuOH. 
2.6.2 0-Glucoside Hydrolysis 
The cytokinin 0-glucoside residues were dissolved in 0.1 M sodium 
acetate buffer, pH 5.4. ~-Glucosidase (EC 3.2.1.21, from almonds, 
Type I, Sigma) was added (15 units ml-1 ) and the solution was 
incubated for 4 h at 37°c. The hydrolysis products were then 
extracted three times with an equal volume of water-saturated n-BuOH. 
2.7 SCINTILLATION COUNTING 
Aqueous samples were counted in a toluene-Triton X-100 scintillant 
(2:1, v/v) containing 2,5-diphenyloxazole (PPO, -1 Sigma, 2 g 1 ) . The 
ratio of sample to the scintillant was 1:10. TLC zones required for 
scintillation counting were scraped off the plates into scintillation 
vials and allowed to stand overnight in water (0.5 ml) before the 
scintillant (5 ml) was added. The reverse phase (paraffin or DMPS-5X 
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impregnated) TLC zones required for scintillation counting were 
allowed to stand in the dark for 24 h in a mixture of water and 
scintillant {1:10). After shaking thoroughly, the vials were left 
till all silica gel was deposited on the vial bottom. Samples were 
usually counted for five min in a 1215 Rackbeta II Liquid 
Scintillation Counter {LKB, Wallac, Finland). Disintegrations per min 
{dpm) were automatically calculated using the external standard 
channel ratio and memory-stored 
a series of [3HJ-n-hexadecane 
quench correction curves derived from 
and [u-14c]sucrose {The Radiochemical 
Center, Amersham, England) standards quenched with pyridine. 
2 . 8 MASS SPECTROMETRY 
Mass spectra were - obtained using a Finnigan 4500 GCMS instrument. 
Samples were either introduced via an on-column injector to a SGE 
capillary column (vitreous silica BPI, 25 m, carrier gas helium) or 
via the direct inlet probe. Electron impact {EI) mass spectra were 
taken at 70 eV ionizing energy and at a source temperature of 140°C. 
Chemical ionization {CI) mass spectra were recorded using either 
methane or ammonia reagent gas (140 eV, source temperature usually 
120°c, 1 torr). 
2.9 RADIOIMMUNOASSAY 
Procedures for purification and isolation of endogenous cytokinins 
from different plant tissues are detailed in the respective Chapters 
(3 and 4). Losses during these procedures were corrected for on the 
basis of the recovery of radiolabelled compounds, which had been added 
before or during the procedures. Antibodies raised against ZR, DZR 
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and iPA were prepared by Badenoch-Jones et al. (1984b; unpublished). 
The assays were carried out according to the procedures described by 
Badenoch-Jones et al. (1984b). 
2.10 DISCUSSION 
A normal phase 2D-TLC system (System A) has been employed often in 
this laboratory to separate cytokinin metabolites (Figure 2.3a). One 
major shortcoming of this system is that Zand ZR connot be separated 
from their dihydro conterparts, DZ and DZR, respectively. To achieve 
their separation, rechromatography of mixtures of Z/DZ and ZR/DZR was 
performed on silica gel layers impregnated either with paraffin or 
DMPS-SX (Nooden and Letham 1984). Another shortcoming of System A is 
that cytokinin nucleotides ZMP/DZMP cannot be separated completely 
from AMP, often a major metabolite of applied naturally occurring 
cytokinins (see Table 1.2). To omit rechromatography, already 
established lD-TLC systems were combined into novel 2D-TLC systems 
(Systems B, C and D). With System C, sixteen cytokinins and 
metabolites can be separated on one single plate (Figure 2.3c). This 
has provided a simple and rapid TLC system to deal with crude plant 
tissue extracts (see Chapters 3 and 4). Consistent separation of Z 
from DZ and ZR from DZR can only be achieved on a thin layer, no more 
than 0.3 mm in thickness. In the case when a thicker layer has to be 
used (crude extract with low radioactivity), the upper part of the 
layer can be scraped to the desired thickness after the first 
dimension. 
Because of the difficulty of synthesizing ZMP and DZMP, a compound 
HRPP, which has exactly the same Rf value as ZMP and DZMP in the 2D-
TLC System C, was used to mark the position of ZMP/DZMP on TLC. 
Figure 2.1. Extraction of cytokinins and metabolites from plant 
material 
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Figure 2.2. Some 1D-TLC systems frequently used for 
studies of cytokinin metabolism (a, b and c) and 
determination (d, e and f) 
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Figure 2.2c. 
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Figure 2.2f. 
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Figure 2. 3 b. 2D-TLC System B. 
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Figure 2.3 c. 20-TLC System C. 
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Figure 2.3 d. 2D-TLC System D. 
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CHAPTER THREE 
CYTOKININ TRANSLOCATION 
AND METABOLISM 
IN BLUE LUPIN PLANTS 
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3.1 INTRODUCTION 
The view that root-produced cytokinin moves in the xylem to the 
shoot where it regulates development and senescence is a widely 
accepted concept in developmental botany (see Section 1.1.4). Hence 
it is paradoxical that studies of the distribution and metabolic fate 
of cytokinins mo~ing in the xylem are very limited. Relevant studies 
are of two types. In the first, radioactive cytokinins were applied 
to roots of intact plants and the distribution of label in the shoot 
was determined. The most notable of such studies involve application 
of BA to Citrus aurantium roots (Mozes and Altman 1977) and to bean 
roots (Ramina 1979), of kinetin to pea roots (Morris and Winfield 
1972, Morris 1981, Prochazka et al. 1977), of z to Alnus glutinosa 
root nodules (Henson and Wheeler 1977), and of z to roots of radish 
seedlings before leaf development (Gordon et al. 1974). In the second 
type of study, the labelled cytokinin was applied as a single 
application at high concentration directly to the exposed xylem of the 
stem; the principal studies of this type involve application of Z to 
Lupinus albus (Davey and Van Staden 1981) and to bean (Hutton and Van 
Staden 1984a), and of kinetin to willow (Bowen and Wareing 1969). 
However, apart from the work of Gordon et al. (1974), such studies 
have little physiological significance for one or more of the 
following reasons: (a) synthetic cytokinins which differ in their 
metabolism from that of natural cytokinins were used; (b) the 
concentration applied was unphysiologically high and may even have 
been toxic; (c) the radioactive metabolites in the shoot were not 
identified and hence it is not clear whether cytokinins or their 
degradation products moved to the shoot. In studies of cytokinin 
transport in the xylem, it is important to first identify the 
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endogenous xylem cytokinins and then to introduce these natural 
compounds in radioactive forms directly into t he xylem. So far this 
approach has not been implemented, possibly because of the difficulty 
in unequivocally identifying and quantifying the xylem cytokinins due 
to their low level in sap which is usually available in only limited 
volumes. Accordingly, in this contribution, the cytokinins in blue 
lupin xylem exudate have been identified; their translocation in the 
shoot has been studied and the metabolites formed identified. An 
attempt to study cytokinin translocation in blue lupin commenced in 
this laboratory 13 years ago but did not produce meaningful results 
because of the complexity of cytokinin metabolism in this plant. A 
study of the metabolites involved (Letham et al. 1977; MacLeod et al. 
1 975; Parker et al. 1978; Duke et al. 1978) resulted in the 
ide ntification and chemical synthesis of a group of new zeatin 
derivatives, namely alanine conjugates and 0-glucosides. With this 
chemical basis, a meaningful study of cytokinin translocation in blue 
lupin has become possible. Studies of cytokinin translocation are 
particularly important during the reproductive phase of plant 
development because, at this phase, integrated coordination is at its 
maximum. Accordingly in this study, blue lupin plants bearing pods on 
primary and secondary inflorescences were used. 
3.2 MATERIALS AND METHODS 
3.2.1 Chemicals 
-1 (30 Ci mmol ) were obtained 
from Amersham. The following compounds were synthesized previously in 
this laboratory: (3H]ZR (400 mCi mmol-l; Summons et al. 1980, Parker 
et al. 1978), [3H]DZR (5.1 Ci mmol; D.S. Letham unpublished) and 
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pentadeuterium-labelled (D5) ZR and DZR (Summons et al. 1979a). 
3.2.2 Boric Acid Gel Chromatography 
Boric acid gel, a copolymer of dihydroxyborylanilino substituted 
methacrylate with 1,4-butanediol dimethacrylate was obtained from 
Sigma Chemical Co .. Prior to use, it was washed sequentially with 0.5 
N formic acid, water and 0.2 N ammonia. Samples (in 0.2 N NH 40H) were 
loaded on to the pre-washed boric acid gel columns. The columns were 
then washed with 0.2 N NH 40H (5 column vol.), followed by water (4 
column vol.) and eluted with 0.5 N formic acid (5 column vol.). 
3.2.3 Plant Materials 
Blue lupin (Lupinus angustifolius L., cv. Unicrop) plants 
inoculated with Rhizob1um (Nitrogerm 100, group G, Root Nodule Pty, 
Epping, NSW) were grown in a glass house in pots containing sand which 
were watered with a complete nitrogen-free nutrient solution twice 
weekly. 
3.2.4 Quantification of Cytokinins in the Xylem Exudate of Blue Lupin 
Plants 
Recently watered blue lupin plants 15 days after flowering 
commencement (DAF), which carried flowers and very small pods on the 
first inflorescence, were detopped just above sand level; the sap 
which exuded was collected regularly over a 12 h period and 
immediately frozen at -20°c. Exudate (25 ml; with added [3H]DZ, 
[3H]DZR and [14c]DZR) was fractionated and purified by the steps shown 
schematically in Figure 3.1. RIA was operated as mentioned in Section 
2.9. For determination of ZR and DZR by MS, trimethylsilyl (TMS) 
derivatisation (MacLeod et al. 1976) was performed. GC-MS was carried 
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out on a Finnigan 4500 instrument fitted with an on-column injector to 
a Hewlet Packard BPl capillary column (25 m; carrier gas, helium; 
temperature, isothermal 280°C). Desorption chemical ionization (DCI) 
mass spectra were obtained with reagent gas CH 4 at 1 torr. 
3.2.5 Supply of [3HJZR to Blue Lupin Shoots 
Prior to root excision and immersion of the debarked stem base in 
[ 3H]ZR solution (3 µM), the shoot was covered with a large clear 
plastic bag for several hours to avoid wilting. The bag was cut open 
at the top at the time of transfer to [ 3HJZR and this allowed active 
transpiration to resume gradually. 
Six principal experiments were performed with derooted plants and 
t he essential features of these are outlined below. In Experiments 1 
and 2, the distribution and metabolism of xylem transported [3H]ZR 
were studied throughout the plant, while experiments 3-6 focussed on 
the distribution of [3HJZR and its metabolites between bark and xylem 
plus pith. 
Experiment 1. The experiment utilized plants with a primary 
inflorescence which had well developed pods (seed about 30 % of weight 
when fully developed) and a developing secondary inflorescence on one 
short lateral just below the primary inflorescence (the other lateral 
had been excised at this position). The stem bases of these derooted 
3 plants were allowed to take up [ H]ZR (3.0 µM) for 6.5 h under normal 
daylight and then for 13 h in darkness. The plants were then 
dissected and extracted. On the lower and central main stem, small 
lateral (axillary) shoots (length about 1.0 cm) were present. 
Experiment 2. The plants used had two well developed laterals 
below the first inflorescence (seed about 40 % of weight when fully 
developed) and both these laterals carried a secondary inflorescence 
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with small pods (seed about 12 % of final weight) and a developing 
tertiary inflorescence. was taken up for a total of 24.5 h 
(6.5 h in daylight, followed by 13 h in darkness and 5 h in daylight). 
In both Experiments 1 and 2, very little [3H]ZR was taken up during 
the dark period. 
Experiments 3 to 6. The plants used were identical to those of 
Experiment 2. In Experiments 4, 5 and 6, leaves were excised from the 
main stem below a girdle near the junction of the laterals; the 
periods of uptake of [3HJZR are given in Table 3.6. 
To supply intact plants with [3HJZR, a double cotton thread, which 
was covered with foil to avoid evaporation, was passed through xylem 
plus pith after small areas of bark had been scraped away at opposite 
sides and the ends of the thread reached into the [3HJZR solution. 
Mature, pod-forming blue lupins similar to those used in 
Experiment 2 were also used in these experiments. The long-term 
nature of the experiment (uptake for 30 h, extraction 48 h later) was 
designed to allow sufficient time for cytokinin reaching the leaves to 
be retranslocated via the phloem to the seeds, if this occurs. 
Figure 3.7 shows a schematic representation of one of the blue 
lupins used to which [3HJZR (1 µM) was supplied via a wick threaded 
through the xylem and pith of the second internode from which the 
leaves had abscised. On average, each plant took up 5.2µCi over 30 
h, and the plant was dissected after a further 40 h. The entire 
plants were divided into sections which were extracted with MAW and 
the insoluble pellet was treated with alkali to release 3H-labelled 
compounds from RNA; this 3H will be referred to as "bound 3H". This 
slightly more (about 5%) 3H alkaline extraction was found to recover 
than hot acid extraction (6 N HCl at 105°c, for 15 h) and much more 3H 
than extraction with the tissue solubilizer NCS (Amersham/Searle; 10 
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vol. diluted with one vol. of water) at 50°c for 15 h. Furthermore, 
hot acid extraction did not recover additional radioactivity after the 
extraction with KOH. 
3.3 RESULTS 
3.3.1 Identification and Quantification of Cytokinins in Fruiting 
Blue Lupin Xylem Exudate 
Blue lupin xylem exudate was subjected to sequential 
chromatographies to yield the following cytokinins or cytokinin 
mixtures each in a discrete fraction: iP, iPA, Z plus DZ; ZR plus DZR; 
OGZ plus OGDZ; OGZR plus OGDZR; and iPA plus ZR plus DZR derived from 
nucleotides (see Figure 3.1). 
subjected to RIA directly, 
The base and riboside fractions were 
while the 0-glucosides were first 
hydrolyzed with ~-glucosidase. The RIA results (Table 3.1) indicated 
that ZR, DZR and z were the principal cytokinins, but cytokinin 
nucleotides and glucosides were also detected. Penta-2H-labelled ZR 
and DZR were added to the fraction containing these ribosides and it 
was then further purified for mass spectrometric analysis by GC-MS or 
by DCI spectra (Figure 3.2). The riboside fraction was found by RIA 
to contain 23.8 ng of ZR and 37.4 ng of DZR. The corresponding values 
obtained by GC-MS were 28.0 and 36.6 respectively, and the desorption 
method gave similar values. Hence the three methods of analysis were 
in reasonable accord. 
3.3.2 Translocation and Metabolism Studies Using Derooted Plants 
Experiments 1 and 2. A large proportion of the radioactivity 
recovered from the plants by extraction with MAW was derived from the 
stem (Table 3.2) and represented 57 and 79% of the total recovered in 
Experiments 1 and 2, respectively. 
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The extractable 3H level in the 
petioles of the main stem greatly exceeded that in the corresponding 
laminae. Although the 3H content of the laminae increased and that of 
the petioles decreased along the stem from base to apex in Experiment 
1, the latter trend was not so clearly evident in the more mature 
plants used in Experiment 2 (Table 3.2). However in both sets of 
plants, the increase in leaf maturity from shoot apex to base was 
associated with a considerable increase in the level of 3H in petioles 
relative to that in laminae. Furthermore, the percentage of total 
foliar 3H in the laminae decreased with increase in leaf maturity. 
These two trends were also clearly evident in a further experiment not 
detailed herein in which was supplied to derooted plants for 
only 5 hand then extracted. These trends suggest that the petioles 
sequester increasing proportions of [3H]ZR as they mature. 
In the shoot regions extracted, excluding the stem in Experiment 
1, the MAW-extracted 3H level was least in the seeds and greatest in 
the developing lateral shoots on the central part of the stem; the 
level in these shoots also markedly exceeded that in the adjacent 
petioles and laminae. Hence the xylem transported ZR appears to move 
preferentially to the developing lateral shoots. Extracted 
radioactivities per mg fresh weight for the regions of the plants in 
Experiment 1 were in the following sequence: peduncle of primary 
inflorescence> main stem (overall mean) > axillary shoots>> basal 
petioles> mid petioles > podwalls of first inflorescence= upper 
petioles> secondary inflorescence leaf laminae (overall mean) >> 
seeds of first inflorescence. In Experiment 2, [3H]ZR was supplied to 
derooted plants with two well developed laterals immediately below the 
primary inflorescence. The relative levels of extracted 
3H within 
these laterals were as follows: peduncle of secondary inflorescence= 
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stem (overall mean) >> podwalls of secondary inflorescence_ tertiary 
inflorescence= petioles (mean) = laminae (mean) >> seeds. Again the 
content of extracted radioactivity was greatest in the peduncle and 
stem and least in the seeds. In a further experiment not detailed 
herein, (3HJZR. was supplied for only 5 h to plants of the type used in 
Experiment 2. The following additional differences were then found: 
petioles> laminae>> podwalls. 
Extracts of each shoot region in Experiment 1 were subjected to 
1D-TLC (layer A, solvent F) and the percentage of the total 
radioactivity in the various chromatogram regions are recorded in 
Table 3.3 and the distributions of 3H over typical chromatograms are 
presented in Figure 3.3. The chromatogram regions in Table 3.3 are as 
follows: (a) Z/DZ/ZR/DZR region this extends between dyes D2 and 
D3; (b) Ade/Ado region - this includes dye D2 and half the distance 
between D2 and Dl and would include Ade, Ado and Z9G; (c) 0-ZG region 
- this is the zone immediately above Dl and includes the remaining 
half of the distance between Dl and D2. It would include Z7G and the 
0-glucoside metabolites OGZ, OGZR, OGDZ and OGDZR. (d) 
LA/ZMP/DZMP/AMP region - this zone extends from the top of Dl to mid-
way between Dl and the origin and would include LA, DLA, ZMP, DZMP, 
and AMP; (e) Region below AMP - the remaining TLC zone which includes 
the origin and contains unknown polar metabolites. 
In actively growing regions of the shoot, namely, the components 
of the first inflorescence, the developing second inflorescence, and 
especially the axillary shoots, a high percentage (25-42 %) of the 
extracted 3H was in the form of polar metabolites which 
chromatographed in the LA/ZMP/DZMP/AMP region during TLC (Table 3.3). 
The laminae of upper, mid and basal leaves did not appear to differ in 
their metabolism of ZR and, accordingly, the metabolites in the 
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extracts of only the upper laminae were studied critically (see 
below). The percentage of radioactivity in the 0-ZG and Ade/Ado zones 
were much greater in leaf laminae than in all other tissue extracts. 
In nearly all extracts, appreciable proportions of the extracted 3H 
chromatographe~ in the TLC zone below AMP 
which known metabolites of ZR do not occur. 
(Table 3.3), a region in 
Metabolites were examined critically in the following selected 
regions of the derooted plants of Experiment 1: basal axillary shoots, 
upper stem, upper petioles, upper laminae, podwalls of the first 
inflorescence and the total second inflorescence. The principal zones 
of radioactivity on the lD thin-layer chromatograms, as marked in 
Figure 3.3, were eluted and rechromatographed; while zones which 
probably contained 0-glucosides or nucleotide metabolites were 
hydrolyzed enzymatically and the hydrolyzates were characterized 
chromatographically. Metabolite identity, the evidence for this, and 
the percentage contribution of metabolites to total extracted 3H are 
given in Table 3.4. 
ZR, the supplied cytokinin, was detected only in the stem, 
petioles and podwalls, but DZR was present in all tissues examined, 
and in upper stem and upper petioles 
accounting for 25 and 13%, respectively, 
was 
of 
the 
the 
major metabolite, 
extracted 3 tt. By 
combining data in Tables 3.2 and 3.4, the radioactivity due to ZR+ 
DZR + DZ, per mg of tissue, was calculated to be 10.5 and 53.0 dpm in 
upper laminae and upper petioles, respectively. Hence petioles 
accumulate levels of cytokinin bases and ribosides which are markedly 
greater than those in laminae. Ade and Ado, products of isoprenoid 
sidechain cleavage, were also prominent metabolites in all tissues 
extracted, and in laminae, Ado was the principal metabolite (24 % of 
total 3tt extracted). One-D-TLC (Figure 3.3) suggested that laminae 
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extracts might contain appreciable amounts of glucoside metabolites 
and this was confirmed by the further chromatographic studies which 
identified OGDZ as the principal metabolite of this type (Table 3.4). 
The alanine conjugate, lupinic acid, was identified only in leaf 
laminae and neither LA nor DLA could be detected in extracts of 
lateral shoots, podwalls, or the second inflorescence. 
In accord with the 1D-TLC studies (Table 3.3, Figure 3.3), 
nucleotide metabolites were shown to be prominent in axillary shoots, 
podwalls and the second inflorescence. In addition to ZMP and/or 
DZMP, an unknown nucleotide metabolite, termed U-NT, was detected in 
all three tissues. This was particularly prominent in podwalls where 
it accounted for more radioactivity than ZMP plus DZMP (Table 3.4). 
However, U-NT was not detected in leaf laminae. U-NT chrornatographed 
just below Dl, a position corresponding to LA, on layer A with solvent 
F, but with solvent A it occurred in the zone just below LA. U-NT was 
not retained by a column of cellulose phosphate and, when treated with 
alkaline phosphatase, was converted to a compound which 
chrornatographed between ZR and iPA on layer A (Figure 3.4). U-NT was 
also detected in podwall extracts of Experiment 2 (see below), where 
it was the major nucleotide metabolite, but not in the long-term 
experiment with intact plants. 
metabolite of ZR in podwalls. 
U-NT appears to be a transient 
Although 1D-TLC did not indicate any difference in the metabolites 
present in the leaf laminae of Experiment 1 (Table 3.3), it did 
suggest differences between the laminae in Experiment 2 in which more 
developed plants were used. These plants bore two lateral sterns 
carrying pods and the lower leaves of the main stern showed senescence 
(yellowing at leaflet tips). With increase in leaf maturity along the 
stern, the proportion of 3H in the Ade/Ado zone of the lD thin-layer 
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chromatograms increased, while that in the 0-ZG zone decreased. 
Further chromatography using the techniques employed previously (Table 
3.4) established that increase in leaf maturity was associated with a 
marked decline in the proportion of radioactivity due to OGDZ, the 
principal glucoside in leaves of all maturities (Figure 3.5), and with 
an increase in the contribution of Ado to extracted radioactivity 
(Table 3.5). While the percentages of total radioactivity due to LA 
and to DZR varied relatively little with maturity, the radioactivity 
per mg fresh weight due to DZR (the only prominent cytokinin base or 
riboside present), nevertheless, decreased with increasing maturity 
from 22.2 to 6.4 dpm (Table 3.5). 
The radioactivity due to particular metabolites in the podwalls of 
the first and second inflorescences was also determined in Experiment 
2. The two podwall samples were found to contain similar proportions 
of the radioactive metabolites derived from ZR. In the podwalls of 
the second inflorescence, the percentage of the total 3H due to U-NT, 
Ado, Ade, DZR, ZR and DZ were 15.9, 4.4, 3.5, 15.4, 4.4 and 4.0 %, 
respectively. As with the podwalls of experiment 1, DZR and U-NT were 
major metabolites. 
Because of the low level of 3H in the seeds of Experiments 1 and 
2, no metabolites could be identified with certainty, apart from Ado 
(9-10 % of total extracted 3H) TLC studies indicated that metabolite 
diversity was greater in the seed than in all other regions of the 
shoot. No free z, DZ or ZR appeared to be present in the seed 
extracts, and if DZR was present at all, its contribution to the 
extracted radioactivity was less than 4 %. If other known 3H-labelled 
cytokinins were present, their combined maximum contribution to 
radioactivity extracted from the seed was less than 10%. 
Experiments 3-6. Because of the high proportion of supplied 
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[3H]ZR which was retained in the stem o f Experiments 1 and 2, the 
distribution and identity of ZR metabolites in t he bark and xylem plus 
pith were examined in Experiments 3-6. 
In these experiments, the dpm ratio for bark/xylem plus pith 
(Table 3.6) indicated that 15-38 % of the total radioactivity extracted 
from the stem was located in the bark and this percentage did not 
appear to be influenced greatly by the presence of leaves (cf. 
Experiments 3 and 6) or by the portion of the stem examined (cf. stem 
regions in Experiment 3). The dpm per mg tissue for xylem plus pith 
was about 3 times that of bark in Experiments 3 and 6, but in the 
longer term studies of Experiments 4 and 5, the dpm content of bark 
approached that of xylem plus pith. Hence a considerable proportion 
of the ZR supplied and/or its metabolites moved from xylem to bark. 
The metabolites of ZR in bark and in xylem plus pith were 
characterized. One-D-TLC of bark and xylem plus pith extracts of 
Experiment 3 indicated differences between the two tissues in the 
metabolites present (Figure 3.6). While a clear peak of 3H 
attributable to ZR and/or DZR, z and DZ was evident on both 
chromatograms and was particularly prominent in the case of xylem plus 
pith, bark extract gave a 3H peak in and just below the zone of dye 
Dl, the location of U-NT, whereas xylem plus pith did not. 
The metabolites in extracts of bark and of xylem plus pith from 
Experiments 3, 5 and 6 were identified further (Table 3.7) by 2D-TLC 
System C. While ZMP and DZMP occurred in both bark and xylem plus 
pith, an unknown metabolite (termed X-NT), with the chromatographic 
characteristics of U-NT, was detected only in the bark from 
Experiments 3 and 6 and was either not present or occurred at 
relatively very low levels in the xylem plus pith. It is noteworthy 
that X-NT was not detected in the bark of Experiment 5 in which a 
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water "chase" followed the uptake o f ZR. Hence, X-NT appears to be a 
transient metabolite of ZR and may be identical to U-NT formed in 
podwalls (see earlier results). Although ZMP and/or DZMP were 
detected in both bark and xylem plus pith, the level in the latter was 
markedly greater than in the former tissue. 0-glucoside metabolites 
were prominent only in the longer term Experiment 5 in which free 
cytokinin bases and ribosides made little contribution to metabolite 
radioactivity. DZ and Ade, base metabolites of ZR, were much more 
prominent in the bark than in the xylem plus pith, while the 
contribution of DZR to metabolite radioactivity tended to be greater 
in the xylem plus pith than in the bark. Hence bark and xylem plus 
pith have differring patterns of metabolites. Since ZR, DZR and DZ 
all occur in the bark when the leaves of the main stem were excised 
and the upper stem was girdled (Experiments 5 and 6), ZR or a closely 
r e lated metabolite must move directly from xylem to the bark. 
3.3.3 Translocation and Metabolism of [3H]ZR Supplied to Intact 
Plants 
The distribution throughout the plant of total 3H recovered, i.e. 
both bound and MAW-soluble 3H, indicated that over 60 % was retained in 
the lower portion of the plant (Figure 3.7). However, about 10 % 
accumulated in the second order laterals whereas less than 4% entered 
the pods and little entered the roots and nodules. The distribution 
of the MAW-soluble 3H showed a similar overall pattern (see below). 
Of the total 3H extracte d from the whole plant, 45 % was in bound 
form. However, the proportion of 3H in this form depended on the 
tissue. Leaf laminae had a much lower proportion of bound 3H than all 
the other tissues (Table 3.8) while the bark and xylem plus pith of 
lower main stem had the highest. 3 The percentage of bound Hin bark 
• 
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and xylem plus pith declined along the stem from base to apex, a 
positional trend also evident in laminae and petioles. Only 0.4% of 
the total 3H was in the seed and 50% of this was bound (Table 3.8) and 
was therefore physiologically inactive. 
The contribution of 3H extracted from selected regions to total 
MAW-soluble 3H (Tables 3.9, 3.10) was in the following sequence: 
laminae of second order laterals> xylem plus pith of lower main stem 
> bark of lower main stem other laminae above lower main stem> 
laminae of lower main stem_ podwalls bark and xylem plus pith of 
upper and middle main stem > petioles > seeds. Hence a substantial 
proportion of the MAW-extracted 3H was derived from the stem 
(especially the lower region) and the overall contributions of xylem 
plus pith and bark were 35.7 and 21.5 % respectively. The laminae 
collectively accounted for 34.9 % of the total 3H extracted with MAW. 
On a per unit fresh weight basis, there was much more MAW-soluble 
3H in laminae than in petioles (except for those of the lower main 
stem), and more in the expanding laminae of second order laterals than 
in other laminae (Table 3.10); low levels were present in podwalls and 
the lowest levels were in the seeds (Table 3.9). The seeds of the 
first and second inflorescences differed considerably in size but not 
in MAW-extractable 3H content per unit weight. The 3H level for 
nodules greatly exceeded that for roots, while the level in bark 
exceeded that in xylem plus pith (Table 3.10). On a per laminae 
basis, the fully expanded laminae of the upper main stem, which would 
be expected to be acting as sources for the developing pods of the 
first inflorescence, showed the highest content of soluble 3H (Table 
3. 9). 
Metabolites in laminae, petioles and podwalls were identified. 
Because of the complexity of the metabolism, and the low levels of 
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radioactivity compared with earlier e xperiments, the extracts were 
first purified by sequential chromatography on CP and DEAE cellulose 
to give a basic fraction (CP eluate) and an acidic fraction (DEAE-
cellulose eluate). Examination of the basic fraction, led to the 
identification . of 3H-labelled ZR and DZR only in podwalls (Table 
3.11), while free Zand DZ were not present in significant amounts in 
any of the six tissues examined. 0-glucoside metabolites, especially 
OGDZ, and the alanine conjugates LA and DLA, were detected as 
metabolites in all six tissues studied, but particularly in the leaf 
laminae. 
The radioactivity in DEAE-cellulose eluates, which would contain 
nucleotide metabolites, was also studied but the only metabolites 
identified with certainty were DZMP and AMP in podwalls of both the 
first inflorescence (3.2 and 0.82 %, respectively, of MAW-extracted 3tt) 
and the second inflorescence (3.2 and 0.65 %, respectively). Traces of 
DZMP were also possibly present in the laminae of the lower main stem 
but ZMP was not detected in any tissue extract. 
The very low level of 3tt in the seeds and the extreme complexity 
of the metabolism precluded identification of any metabolites. 
Metabolites of [3H]ZR in the stem were also examined (2D-TLC 
System C), but the complexity of the radioactive compounds present 
rendered identification difficult. However, in the bark of the lower 
and middle main stem, 6-7 % of the MAW-extracted 3tt was due to 0-
glucosides, principally OGDZ and OGDZR (identity confirmed by elution, 
hydrolysis with ~-glucosidase and reverse phase TLC), while Ado 
accounted for 8%. Ado (12 %) and AMP (9 %) were the only metabolites 
identified in xylem plus pith. z, ZR and their dihydro derivatives 
were not detected in any part of the stem. 
In the above experiment, about 50% of the total radioactivity 
.......... 
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recovered was in "bound form", i.e. released by extraction at 23°c 
with alkali (0.5 N KOH). Because of the prominence of bound 3H, the 
identities of the metabolites released by alkali were studied. 
Extracts of laminae, petioles and bark, when neutralized with 
perchloric acid and subjected to TLC on layer C (solvent L), yielded a 
prominent peak of 3H coincident with cochromatographed adenosine-2'-
and -3'-phosphate (2'-, 3'-AMP) and a very minor peak coincident with 
guanosine-2'- and -3'-phosphate (2'-,3'-GMP) (Figure 3.8). After 
treatment with phosphatase and TLC on layer A (solvent A) analogue 
peaks coincident with Ado and guanosine were observed. With xylem 
plus pith extracts, the guanosine and guanosine phosphate peaks were 
more intense than those due to the corresponding adenine derivatives. 
The identification of these nucleotides of adenine and guanine as the 
principal bound metabolites was confirmed by TLC in other systems and 
by hydrolysis with 6 N HCl (105°c for 15 h) to 3H-labelled adenine and 
guanine. The contribution of 2'- and 3'-AMP and 2'- and 3'-GMP to the 
bound radioactivity of selected tissues is indicated in Table 3.12. 
The experiments reported do not preclude the presence of a very low 
level of 3H-labelled ZMP and DZMP in the alkaline extracts. 
3.4 DISCUSSION 
Identification of the cytokinins in blue lupin xylem exudate was 
based on both RIA and GC-MS. By RIA, a range of cytokinins was 
detected: the free bases Z, and DZ, their ribosides, 0-glucosides and 
nucleotides. However, as in a number of xylem exudates from other 
species (see Section 1.3.1), the ribosides predominated. The RIA 
identification and quantification of ZR and DZR was confirmed by GC-
MS. This appears to be the first time the cytokinins in a xylem 
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exudate have been quantified accurately. Cytokinin activity has 
previously been found in xylem exudate of blue lupin by bioassay (Carr 
and Burrows 1966, Carr and Reid 1968) and compounds which resembled 
cytokinin bases, ribosides and nucleotides were possibly detected. 
While a number of cytokinins were identified with certainty in 
blue lupin xylem exudate, the accurately determined levels may only 
approximate those actually present in true tracheal sap, i.e. in the 
actual transpiration stream. In this connection it is relevant to 
note, for example, that the concentration of K+, but not No3-, in 
xylem sap of sunflower is influenced by water flux through the xylem 
(Ansari and Bowling 1972). Because of reduced water flux caused by 
decapitation, the levels determined for blue lupin may be 
overestimates. However, unpublished experiments with lupin seeds and 
leaves, indicate that ten fold changes in the level of supplied 
cytokinin does not change the relative proportions of the metabolites 
formed. Hence the pattern of metabolites formed in the reported 
experiments is probably very similar to the normal pattern derived 
from endogenous xylem cytokinins. 
In the RIA quantification, it is important to first separate 
cytokinin bases from ribosides, because the bases cross react strongly 
with the antibodies raised against cytokinin ribosides. In the 
present study, this was achieved conveniently by chromatography on a 
column of a dihydroxyboryl polymer which retains ribosides but not 
purine bases. This procedure has been used once previously in 
purification of cytokinin ribosides from plant extracts (Tsui et al 
1983). Subsequent TLC on cellulose yielded mixtures of Z plus DZ, ZR 
plus DZR, OGZ plus OGDZ and OGZR plus OGDZR. Because of the great 
specificity of the antibodies raised against ZR and DZR for the N6-
substituent, z and ZR can be quantified in the presence of DZ and DZR, 
-
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respectively, and DZ and DZR can also be quantified in the presence of 
Zand ZR, respectively. 
The studies in the literature which are most relevant to the 
present work with blue lupin are those of Davey and Van Staden (1981) 
and Hutton and -Van Staden {1984a) which concern the translocation of 
[14c]Z in white lupin (Lupinus albus) and bean (Phaseolus vulgaris), 
respectively. Unfortunately, some features of these two studies 
seriously limit the conclusions which can be drawn from them. 
Firstly, the identities of cytokinins in white lupin and bean xylem 
saps were not determined by Van Staden and coworkers and hence z may 
not have been the appropriate cytokinin to supply. Available evidence 
indicates that this is in fact so. Thus, Palmer and Wong (1985) 
identified, but did not quantify, the cytokinins in bean sap, z was 
not detected. Chromatography and bioassay of white lupin sap 
indicated that ZR and/or DZR were possibly the major cytokinins but 
there was no appreciable peak corresponding to Z {Davey and Van Staden 
1978a) . Secondly, the concentration of [14CJZ applied was not 
specified but must have been greater than 2 rnM which is 
unphysiological. Thirdly, all extracts were purified on a Dowex 50 
column and the fraction not retained, which would contain nucleotide 
metabolites, was discarded. Hence no reliable picture of the range of 
metabolites formed, or of the distribution of radioactivity, in 
regions of shoot, was obtained. Dowex 50 is also known to give a low 
recovery of some cytokinins {Dekhuijzen and Geves 1975, Vreman and 
Corse 1975). Fourthly, no metaboiltes were identified since all 
extracts were examined in one chromatographic system only, Sephadex LH 
20, which must have the lowest resolution of any chromatographic 
system used for cytokinins. Fifthly, extracts were prepared under 
conditions which would allow enzyme action to occur. Sixthly, the 
--
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plants were inadequately dissected, e.g. seeds were not separated from 
pod walls. In view of the above, no definite conclusions of 
physiological significance can be made from the above studies of 
cytokinin translocation in the xylem of lupin and bean. 
In the present work with derooted plants, the concentration of 
[3HJZR supplied (3 µM) was much greater than the endogenous level 
(Table 3.1). However these studies were useful in that they enabled 
the metabolites in the shoot to be identified with certainty and 
formed a basis for the study with intact plants. [3H]ZR (1 µM) was 
supplied to these plants via a thread which passed into the xylem. 
The solution was slowly taken up over a 30-h period and the 
concentration introduced into the transpiration stream probably 
approached the endogenous level. In an additional experiment not 
detailed herein, [3H]ZR (0.1 µM) was supplied to derooted plants of 
the type used in Experiment 1. Because of the greatly reduced level 
of radioactivity, metabolite identity could not be established with 
certainty, except for OGDZ in the laminae. However, the distribution 
of MAW-extracted 3H in the shoot, although determined with reduced 
accuracy, was similar to that reported in Experiment 1. 
In the present study, an endeavour was made to identify cytokinin 
metabolites rigorously in the numerous extracts prepared. This was 
made possible by the availability of numerous synthetic metabolites to 
cochromatograph with the plant extracts. The principal forms of ZR 
metabolism in the lupin plants were N6-sidechain cleavage, sidechain 
reduction, sidechain glucosylation and nucleotide formation. 
Differences in metabolism were more marked between the tissue types 
than within tissues of different ages. Thus in Experiments 1-6, the 
major metabolites were as follows: in laminae of all maturities, OGDZ, 
LA, DZR and Ado; in all types of petioles, DZR and Ado; in both types 
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of pod walls, cytokinin nucleotides (particularly U-NT), Ado, Ade and 
DZR; in all stem regions (ZR supplied for only 5 h), DZR and ZMP/DZMP 
in xylem plus pith, and DZR, DZ and X-NT in bark; in developing lower 
laterals, cytokinin nucleotides, especially U-NT. The unknown 
nucleotide metabolites U-NT and X-NT are discussed in detail in 
Chapter 8 where information gained in both this Chapter and Chapter 4 
is correlated. 
In the experiment with intact lupin plants, 45% of the 3H supplied 
as 3 3 [ H]ZR was accounted for when the total H recovered per organ was 
summed for the entire plants. Metabolism of the purine ring of Ade 
and Ado (identified metabolites of ZR) to compounds such as allantoin 
(a known metabolite of Ade, Beevers 1976) would release the 3H-
labelled hydrogen at C-8 and this would not be recovered during 
extractions. Loss of 3H in this way may explain the low overall 
recovery. A high proportion (about 50 %) of the total 3H recovered was 
in "bound" form, i.e. released by alkaline extraction. The bound 3H 
was due principally to the RNA nucleotide, 2'- plus 3'-AMP in laminae, 
petioles and bark, but in xylem plus pith, 2'- plus 3'-GMP made a 
similar contribution to the bound 3H. In other studies, it has been 
reported that adenine and guanine nucleotides in RNA become labelled 
when the synthetic cytokinins kinetin and BA are supplied to plant 
tissues and often the radioactivity in guanine nucleotide greatly 
exceeds that in adenine nucleotides (Morris 1981 and ref. therein). 
This preferential incorporation into guanine nucleotide has not been 
explained and in the case studied in some detail (Morris 1981), the 
preferential incorporation is not due to simple metabolic 
randomization of label between the purine rings of adenine and 
guanine. The results presented herein show that the degree of 
incorporation into the guanine nucleotide of RNA is tissue dependent 
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and that it also occurs with the natural cytokinin ZR. 
In the experiment with intact plants, the tissues were extracted 2 
days after uptake of [3HJZR was completed. The 3tt-ribosides DZR and 
ZR, in trace amounts, were detected only in pod walls, and the only 
other metabolites identified with an intact z moiety were the o-
glucosides (especially OGDZ), LA, DLA and DZMP. Because of their 
presence 2 days after ZR uptake, these metabolites must exhibit 
considerable resistance to enzymic degradation and may be stored forms 
of cytokinin. While DZMP was detected only in pod walls, OGDZ and LA 
appeared to be widely distributed. A storage function for 0-
glucosides and LA has been proposed previously (Letham and Palni 1983; 
Palni et al. 1984). 
Circumstantial evidence has been presented that the cytokinins in 
phloem are possibly derived from the root via the xylem (Van Staden 
and Davey 1979). The results obtained herein give clear support to 
this view. For the first time, it has been shown that the cytokinins 
normally present in the xylem stream move directly to the bark which 
in the blue lupin plants used is composed of well defined layers of 
phloem, parenchyma, chlorenchyma, hypodermis and epidermis in the 
ratio (width) of 20:30:8:3:5, respectively (Figure 3.9). Well 
developed ray cells are present and it is reasonable to propose that 
the translocated cytokinin moves through these from xylem to bark. 
The cytokinin level, determined by bioassays, in stems of bean plants 
greatly exceeds that in primary leaves and roots (Carmi and Van Staden 
1983). This may result from movement of xylem cytokinin into the 
other stem tissues and its sequestration therein. It would be 
worthwhile to determine if a substantial proportion of the cytokinin 
which moves out of the xylem of lupin accumulates in the cambium since 
such tissue appears to have a high cytokinin content (Van Staden and 
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Davey 1979) and often shows no requirement for exogenous cytokinins in 
culture. The main metabolites of ZR in bark in short-term studies are 
U-NT, DZR and DZ (Table 3.7). It may be significant that when [3HJZR 
is supplied to roots of white lupin, DZ is the labelled cytokinin 
present in the phloem exudate collected from pods (Summons et al. 
1981). Hence DZ may be the translocated form of ZR for movement in 
the phloem of lupin species generally. DZ is a very stable cytokinin 
(see Section 1.2.2) suitable for movement through phloem, a living 
tissue. 
Bowen and Wareing (1969) observed lateral movement of [14cJkinetin 
from xylem to bark in willow. However, these results must be 
interpreted with caution for several reasons. Kinetin, an unnatural 
cytokinin, was applied as a MAW solution to exposed xylem at a 
concentration of 3 mM -which is certainly unphysiological and may even 
be toxic. Furthermore, a complex of kinetin metabolites were detected 
in the bark but none were identified and hence there is no evidence 
that kinetin itself actually moved radially to the bark as claimed. 
Developing seeds have frequently been reported to contain 
unusually high levels of cytokinin activity determined by bioassay 
(Letham 1978, Goodwin et al. 1978, Van Staden and Davey 1979, Van 
Staden 1983) and particularly relevant to this discussion are the very 
high levels of DZR and OGDZR determined by mass spectrometry in yellow 
lupin seeds and pod walls (Summons et al. 1979b, 1981). The cytokinin 
level in blue lupin seeds has also been determined and found to be 
unusually high (see Chapter 4). It is uncertain whether these high 
levels in seeds are due to their ability to produce cytokinins, or to 
accumulate them, or both. The view that seeds accumulate cytokinins 
transported from roots has been proposed and related to induction of 
leaf senescence (see Section 1.1.4) and this theory has even been 
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presented recently in popular advanced text books (Sexton and 
Woolhouse 1984). The results of the present work with xylem-supplied 
3 [ H]ZR are particularly relevant in this regard. Of the total MAW-
soluble 3H recovered from the derooted plants, only 0.2-0.6 % was 
derived from the seeds which had the lowest dpm per unit fresh weight 
of all parts of the shoot. Of this very small proportion of 
radioactivity, less than 4% could be due to DZR, the major endogenous 
cytokinin present in blue lupin seed (see Chapter 4), if indeed 
3 [ H]DZR was present at all. The results of the experiments with 
intact plants are particularly relevant here. Although 2 days were 
allowed for redistribution to occur after uptake of ZR was completed, 
the percentages of radioactivity in the seeds of the primary and 
secondary inflorescences were not greater than those found in the 
derooted plants which ·were extracted when uptake was completed. Hence 
developing seeds do not appear to act as a sink for xylem cytokinins 
although they accumulate nutrients actively. This conclusion is 
further substantiated by studies with [3HJZR and [3HJDZR of very high 
specific activity to be presented in Chapter 4. In this work the 
distribution and identity of label in the seed is carefully examined. 
The view that seeds do not compete with leaves for xylem cytokinin was 
indicated earlier (Nooden and Letham 1984) in studies with soybean 
stem explants. However, the use of explants and the short-term nature 
of the experiments limit the conclusions which can be made regarding 
accumulation of xylem cytokinins. 
A futher area in which the present results have a bearing is 
lateral shoot development. While exogenous cytokinins release 
axillary buds from apical dominance, the role of root produced 
cytokinin in this regard is uncertain. While radioactivity derived 
from root-applied [14cJkinetin moves to axillary buds of peas in 
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response to decapitation, the identity of the translocated compound(s) 
is not clear and the 14c in the buds may be largely due to enzymic 
degradation products of kinetin (Morris and Winfield 1972; Morris 
1981; Prochazka et al. 1977) . In the present study, 3 [ HJ ZR, a 
cytokinin present in xylem exudate, was found to move through the 
xylem preferentially to developing lateral shoots where metabolites 
with an intact ZR moiety were detected, especially U-NT and zeatin 
nucleotides. 
Aspects of the observed translocation of [3HJZR to leaves and its 
metabolism therein merit comment. The blue lupin plants used exhibit 
gradual sequential leaf senescence which usually starts after the 
development of lateral stems below the first inflorescence; such 
plants were used in Experiment 2 and in the experiment with intact 
plants. In the former experiment (Table3.S), increases in laminae 
maturity were associated with an elevated contribution by Ade and Ado 
to laminae metabolite radioactivity, a marked reduction in the 
formation of 0-glucoside metabolites, and a reduction in the level of 
[3HJDZR, the major non-conjugated form of cytokinin in the laminae. 
However, these changes were not evident with the less mature plants of 
Experiment 1, and it is uncertain whether they were a consequence of 
sequential leaf senescence or factors contributing to its cause. 
Enhanced conversion to Ade derivatives and reduced glucosylation (7-
glucoside formation) were also associated with senescence of radish 
cotyledons (Letham and Gollnow 1985). Although the above differences 
were detected between laminae of intact shoots, when [3HJZR (1 µM) was 
supplied via the transpiration stream to excised leaves of differing 
maturity (the most mature were showing early senescence), no clear 
differences in the proportions of metabolites were evident. Hence the 
differences noted above with intact shoots must be due either to 
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redistribution of metabolites via the phloem, or to the possibility 
that excised and intact laminae do not metabolize ZR identically. 
A consistent trend of possible regulatory significance observed 
with the blue lupin leaves concerned the ability of the petiole to 
retain (sequester) the supplied ZR and its metabolites. Thus the 
radioactivity per unit fresh weight tissue due to cytokinin bases and 
ribosides (the probably active forms of cytokinin) in the upper 
petioles of Experiment 1 was 5 times that in the upper laminae. The 
imbalance in distribution of was more marked as leaf maturity 
increased down the stem. The physiological significance of the 
observed change in distribution of ZR within the lupin leaf is 
obscure; however a reasonable suggestion, which merits testing, is 
that it results in enhanced hormone-directed transport of nutrients 
from the leaflets to petioles and pulvinar region and this facilitates 
leaflet senescence which begins at the leaflet tips and ends with the 
abscission of the leaflets from the pulvinar region (Carr and Burrows 
1967). Application of kinetin to excised blue lupin leaves delays 
leaflet abscission (Carr and Burrows 1967, Burrows and Carr 1967) and 
implicates cytokinin in the control of this abscission. The present 
studies provide no evidence that the endogenous xylem cytokinins 
influence sequential leaflet abscission. However, further studies 
involving determination of the distribution of xylem transported 
cytokinin within the laminae of lupin leaves may be relevant in this 
regard. 
While the above mentioned studies with blue lupin have provided an 
understanding of the basic features of the distribution and metabolism 
of xylem-transported cytokinin in this species, a number of important 
questions remain to be answered. 
are the identities of the 
Is DZR similarly transported? What 
metabolites derived from the small 
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proportion of ZR which does reach the seed? How are these distributed 
within the seed and how do they relate to the endogenous cytokinins of 
the seed? What is the identity of the unknown nucleotide metabolites 
U-NT and X-NT? In lateral movement of ZR from the xylem, which 
metabolites are involved? In Chapter 4, an attempt is made to answer 
these questions. 
Table 3.1. Cytokinin Level in the Xylem 
Exudate of Fruiting Blue Lupin Plants . 
Values were determined by RIA. 
Cytokinin 
iP 
iPA 
iPMP 
z 
ZR 
DZ 
DZR 
ZMP 
DZMP 
OGZ 
OGZR 
OGDZ 
OGDZR 
Total 
and not detected. 
-1 Level (pmol ml ) 
nda 
0.1 
1.1 
4.6 
5.9 
2.4 
9.8 
0.3 
0.9 
1.3 
0.1 
1.2 
0.4 
28.1 
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Table 3.2. Radioactivity 
of Derooted Blue Lupin 
(Experiments 1 and 2) 
Extracted fr om Different Regions 
Plants Supplied with [3H)ZR 
Extracted Radioactivity 
Experiment 1 Experiment 2 
DPM mg-l DPM Region-l -1 . -1 DPM mg DPM Region 
(fresh wt (as % of (fresh wt (as % of 
tissue) total from tissue) total from 
Region of Shoot shoot) shoot) 
Basal Main Stem 2150 22.7 6235 30 . 2 
Basal Petioles 605 1.3 300 0 . 2 
Ba s al Laminae 1.25 1. 0 llO 0.4 
Ba s al Lateral 
Shoots ll60 2.0 
Mid Main Stem 1365 16.0 2395 13.0 
Mid Petioles 380 2.0 420 0.5 
Mid Laminae 155 4 . 0 225 1.3 
Mid Lateral 
Shoots 1440 1. 3 
Upper Main Stem 1465 18 . 0 2410 11. 8 
Upper Petioles 265 1. 4 350 0 . 3 
Upper Laminae 1 85 7.7 240 1. 4 
l O l 
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Table 3.2 (continued) 
Primary 
Inflorescence 
Peduncle 2100 8.2 1650 1.3 
Podwalls 285 12 . 7 230 4.8 
Seeds 70 0 . 6 75 0.2 
Lower Halves of 
Lateral Stems 2220 18.4 
Lower Petioles of 
Laterals 205 0.5 
Lower Laminae of 
Laterals 285 2.9 
Upper Halves of 
Lateral Stems 1000 5.3 
Upper Petioles of 
Laterals 240 0 . 3 
Upper Laminae of 
Laterals 280 2 . 2 
Secondary 
Inflorescence 184a 1.1 a 
Peduncle 1475 0 . 8 
Podwalls 325 1. 8 
Seeds 93 0 . 1 
Table 3.2 (continued) 
Tertiary 
Inflorescenceb 305 4.0 
a inflorescence partly developed, including flowers and 
very small pods plus associated small leaves 
b 
at tips of each lateral , including flowers and very 
small pods plus associated small leaves . 
103 
.s 
0 
Table 3 .3 Radi oact i v ity in Zones of Thi n -Layer Chromatograms of Extracts from Regions of 
Deroote d Blue Lup in Plants Supplied wi t h [ 3HJ ZR (Experiment 1 ) . The layer and solvent were A 
and F , respectively . 
% of DPM in Ch romatogram Regions 
Re gio n of Shoot Z/DZ/ZR/DZR Ad e/Ado 0-ZG LA/ZMP/DZMP/AMP Region below AMP 
Basal Ste rn 36.1 17.3 4.0 17.6 14.9 
Ba s al Pe tioles 19.0 26.7 11. 5 22.2 13.7 
Basal Laminae 11. 9 37.1 18.4 17 . 5 7.0 
Basal Ax illary 
Shoots 12.0 18.5 5.4 42.4 14.3 
Mid Stern 40.2 18.4 4.7 17.0 11. 2 
Mid Petioles 23.0 26.4 9.9 17.5 13.6 
Mid Laminae 11. 6 42 .2 18.6 13.3 4.7 
t 
l/) 
0 Table 3.3 (continued ) 
Mid Axillary Shoots 8.4 18.8 5.6 35.3 14.1 
Upper Stem 39.9 15.0 5.1 16.5 12.5 
Upper Petioles 27.3 25.2 10.2 18.9 10.6 
Upper Laminae 11. 6 43.4 17.9 16.5 3.9 
First Inflorescence 
Peduncle 26.1 17.7 6.0 25.1 18.3 
Podwalls 9.6 26.6 7.1 33.2 12.7 
Seeds 11. 5 24.9 8.6 26.1 17.0 
Second InfloresGence 16.0 26.9 8.5 29.2 9.3 
J 
Table 3.4. Metabolites Identified in Zones from lD-Thin-
Layer Chromatograms (Experiment 1). The zones are defined 
in Figure 3.3, the percentage of radioactivity and evidence 
for identitya are given in parentheses. 
Region of Shoot 
and of lD-TLC 
Basal Axillary 
Shoots 
zone A 
zone B 
zone C 
Upper Stem 
zone A 
Upper Petioles 
zone A 
Upper Laminae 
zone A 
zone B 
zone C 
zone D 
Metabolites Detected and Associated 
Radioactivity (% of total in tissue 
extract) 
DZR (8.6 %; 1,4); DZ (2.5%; 1,5) 
Ado ( 6 % ; 1, 6) ; Ade ( 6 % ; 1 , 6) 
ZMP/DZMP (17 %; 1,9); U-NT (14 %; 1,9) 
DZR (25 %; 1,7); ZR (11 %; 1,7); Ado (7 %; 
1 , 6 ) ; Ade ( 4 % ; 1 , 6 ) 
DZR (13%; 1,4,7); ZR (5 %; 1,4,7); DZ (2 %; 
1, 7 ) ; Ado ( 9 % ; 1 , 6) ; Ade ( 3 % ; 1 , 6) 
DZR (5 %; 1,4,7); DZ (0.7 %; 1,7) 
Ado ( 2 4 % ; 1 , 6 , 7 ) ; Ade ( 3 % ; 1 , 7 ) 
OGDZ ( 6 % ; 1, 11, 12) ; OGZ ( 1 % ; 1, 11) 
LA (4 %; 1,2,6,8) 
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Table 3.4 (continued) 
First 
Inflorescence 
Podwalls 
zone A 
zone B 
DZR (7 %; 1,7); ZR (2 %; 1,7); DZ (3 %; 
1,5); Z (1 %; 1,5) 
Ado (6 %; l,3b,6); Ade (12 %; 1,6,7) 
zone C ZMP/DZMP (7.5 %; l,3a,9); U-NT (10 %; 1,9) 
Second 
In f lorescence 
zone A 
zoneB 
DZR (9.4 %; 1,4); DZ (2.9 %; 1,5) 
Ado ( 9 % ; 1, 3b, 6) ; Ade ( 10 % ; 1, 6) 
z one C ZMP/DZMP (10 %; 1, 3a, 9); U-NT (4. 9%; 1, 9) 
a 
evidence for identity of metabolites was as follows: 
1, TLC, layer A, solvent A; 
2, TLC, layer A, solvent O; 
3a, TLC, layer A, solvent K; 
3b, TLC, layer A, solvent G; 
4, TLC, layer H, solvent N; 
5, TLC, layer C, solvent P; 
6, TLC, layer C, solvent A; 
7, TLC, layer E2, water followed by solvent I; 
8, TLC, layer El, solvent H; 
9, Phosphatase hydrolysis and TLC, layer A, solvent A; 
10, Phosphatase hydrolys i s and TLC, layer E2, solvent I; 
11, ~-Glucosidase hydrolysis and TLC, layer El, 
solvent H; 
12, ~-Glucosidase hydrolysis and TLC, layer C , 
solvent P. 
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0 Table 3.5. Me tabolites of [ 3HJZR in Laminae of Blue Lupin Leaves of Differing 
Maturity (Experiment 2). The sequential chromatographic procedures used are 
those given under Table 3 . 4. 
Radioactivity (as % of total extracted) 
Type of Laminae Ado OGDZ OGZ DZRa LA 
Lower on Main Stem 10 . 9 0 . 9 0.2 5. 8 ( 6 . 4) 3 . 0 
Upper on Main Stem 9.7 6.9 1. 5 5 . 8 (13 . 9) 4.1 
Lower on Lateral Stem 5 . 4 7 . 8 1. 0 7.8 (22.2) 4 . 2 
a the values tn p arentheses are dpm mg- l fresh weight for DZR (calculated 
from data in Table 3 . 2 ) . 
CJ) 
0 Table 3.6. The distribution of Radioactivity between Bark and Xylem plus Pith of Blue Lupin 
Plants Supplied with [ 3HJZR (Experiments 3-6) 
Experiment Number and Type 
3. Leaves Intact/Upper 
Stem not Girdled 
4. Main Stem Leaves Excised 
/Upper Stem Girdled 
5. Main Stem Leaves Excised 
/Upper Stem Girdled/ZR 
Supplied in Sap 
6. Main s·tem Leaves Excised 
/Upper Stem Girdled 
3tt-ZR Uptake/ 
Chase (h) 
5.5/0.0 
5.0/18.0 
6.0/21.0 
5.0/0.0 
-1 DPM mg (fresh wt) 
Bark Xylem+Pith 
3.44a 2.47 0.63 11.90a 7.00 2.25 
1. 51 2.17 
1. 02 1. 42 
2 .11 6.24 
a values for lower, middle and upper stem are given in this sequence. 
Total DPM Ratio 
for Bark/Xylem+Pith 
0.18a 0.21 0.17 
0.61 
0.49 
0.25 
0 
Table 3.7. The Radioactivity due to Metabolites in Bark and Xylem plus Pith from Blue Lupin 
Plants Supplied with [ 3H]ZR (Experiments 3, 5 and 6). The metabolites were separated by 2D-TLC 
System C. 
Experiment Number Radioactivity Attributable to Metabolites Identified (as % of total extracted) 
and Tissue ZR DZR z DZ Ade Ado 0-ZG ZMP/DZMP X-NT 
Exeeriment 3 
Lower Bark 1. 6 12.0 3.3 14. 4 3.1 3.5 3.2 2.1 10.3 
Lower Xylem/Pith 18.1 13. 8 1. 3 2.5 0.3 2 . 0 <0.8 5.6 <3.0 
Middle Bark <l. 0 7.7 1. 4 13. 8 3.1 4.5 <2.0 NDa 9.8 
Middle Xylem/Pith 4.9 24.4 1. 0 4.3 0.5 3.5 <l. 0 NDa <3.0 
Ex.eerimerit 5 
Bark 1. 5 3.1 <l. 0 2.0 5.5 9.4 9.0 5.1 <0.8 
Xylem/Pith 3.5 4.5 <l. 0 2.2 1.2 6.4 8.5 8.9 <0.8 
r 
Table 3.7 (continued) 
Experiment 6 
Bark 
Xylem/Pith 
1. 2 
7.2 
a ND= not determined. 
10.2 2.5 
15.4 1. 4 
13. 7 2.6 5 . 2 2.6 7.2 9.1 
3.9 0.6 4.0 <l. 0 14.4 1. 8 
J 
_.., 
Table 3.8. Radioactivity Extracted from Regions of Blue 
Lupin Plants (intact plant experiment) with Alkali (bound 
3H). This extraction followed normal extraction with MAW. 
Region of Shoot DPM (% of totala recovered from region) 
Main Stemb 
Xylem plus Pithc 64.7, 51.9, 48.4, 39.5 
60.4, 42.5, 32.6, 14.0 
Laminaed 14.6, 14.0, 8.9 
Petiolesd 46.2, 30.6, 22.8 
Lateral Stems 
Xylem plus Pithe 44.0, 45.0 
Barke 30.3, 38.9 
Laminaee 7.2, 15.9 
Petiolese 26.3, 41.7 
Podwallsf 29.6, 31.2 
Seedsf 50.4, 47.7 
a total is the sum of the radioactivity extracted by both 
methanol solvent and alkali from a particular region 
b the values for the first and second internodes, bark and 
xylem plus pith, were in the range 52.0-55.7 % 
c values are for lower, middle and upper stem and peduncle 
in that sequence 
--
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Table 3.8 (continued) 
d 
values for lower, middle and stern in that are upper 
sequence 
e 
values for lower and lateral stern in that are upper 
sequence 
f 
values for the primary and secondary inflorescence, are 
in that sequence. 
.:t 
Table 3.9. Distribution of MAW-Soluble 3H in Leaves and Pods of Intact Blue Lupin Plants 
Supplied with [ 3HJZR 
Laminae Petioles 
% of Total DPM mg -1 DPM Organ -1 % of Total DPM mg -1 DPM Organ -1 
Region of Shoot in Plant (fresh wt) (xl0- 3 ) in Plant (fresh wt) (xl0-3 ) 
Lateral Stems, Upper 14.4a 111. 8 13.5 0.5 25.0 0.4 
Lower 6.5 72. 8 13.5 0.3 17.4 0.4 
Main Stem, Upper 6.2 70.4 26.0 0.3 24.1 1. 5 
Middle 5.3 74.1 20.0 0.4 28.3 1. 4 
Lower 2.5 66.9 10.5 0.8 91. 2 3.0 
Podwalls Seeds 
Primary Inflorescence 2.1 14. 3 17.0 0.2 4.9 0.6 
Secondary Inflorescence 2.0 12.5 12.0 0.2 6.0 0.2 
a 
on second order laterals. 
Table 3.10. Distribution of MAW- So luble 3H in the Stem 
Tissues, Roots and Nodules of Intact Blue Lupin Plants 
Supplied with [3H]ZR 
Xylem+Pith Bark 
% of Total DPM mg-l % of Total DPM mg-l 
in Plant (fresh wt) in Plant (fresh wt) 
Lateral Stems 
Upper 0.4 25.9 0.3 29. 3 
Lower 1. 7 39.6 1.2 51.1 
Peduncle of First 
Inflorescence 0.2 33.9 0.3 78.6 
Main Stem 
Upper 2.1 45.5 1. 8 69.9 
Middle 2.7 45.0 1. 9 68.4 
Lower 11. 4 209.8 6.8 243.8 
Second Internodea 12.7 1828.1 5.0 1245.0 
First Internode 4.5 299.3 4.2 334.1 
Roots Nodules 
0.15 1.3 0.9 13.2 
a location of feeding zone. 
11 5 
f 
l.O 
Table 3.11. Radioactivity due to Metabolites of [ 3HJZR Ide ntified in the Cellulose Phosphate Eluates 
Derived from Extracts of Regions of Intact Blue Lupin Plants. The eluates were subjected to 2D-TLC 
System A and the identity of the radioactivity in ma rke r zo nes was confirme d by me thods give n in Table 
3.4. The presence of LA and DLA was further establishe d by HPLC of the 2D-TLC eluate. 
% Contribution of Metabolites to Total 3tt Extracted with MAW 
Region of Shoot ZR DZR Ado Z/DZ Ade LA DLA OGDZ OGZ OGDZR OGZR 
Lower Leaf Laminae 
on Main Stem (1. 0) a 2.6 nd 1. 0 3.3 0.6 9 . 5 1. 0 0 . 4 nd 
Upper Leaf Laminae 
on Lateral Stems (0. 7) a 1.2 0.5 0.7 5.2 1. 0 12.6 2.5 1. 3 nd 
Lower Petioles 
on Main Stem nd 4.8 nd nd (7. 3)b tc nd nd nd 
Upper Petioles 
on Lateral Stems nd 1. 3 nd 1. 6 2.5 1.1 7.4 1. 8 nd nd 
First Inflorescence 
Podwalls 0.6 1. 4 1. 0 nd nd 1. 0 0.8 3.6 nd 1.2 nd 
--. 
' 
I' 
II. 
Tabl e 3 .11 (co ntinued) 
Secondary Inflorescence 
Pod wa lls 0.9 1. 6 0.8 nd nd 0.4 0.3 t 
a Value is for ZR plus DZR based on 2D-TLC only and will be an overestimate 
b value is for LA plus DLA based on 2D-TLC only and will be an overestimate 
ct = traces presented (<0.1 %) . 
nd t nd 
Table 3.12. Radioactivity due to Purine Nucleotides in the 
Bound 3H Fraction Released by Alkaline Extraction 
DPM ( % of total) 
Tissue Extracteda 2'- plus 3'-AMP 2'- plus 3'-GMP 
Lower Laminae 58 6.7 
Lower Petioles 71 10 
Lower Bark 72 3.2 
Lower Xylem 
plus Pith 27 40 
Upper Laminae 34 0.9 
Upper Xylem 
plus Pith 22 20 
· a all are derived from the main stem . 
1 1 8 
II 
Figure 3.1. Scheme for purifying and isolating cytokinins 
in the xylem exudate of fruiting blue lupin plants prior to 
RIA and MS 
XYLEM EXUDATE 
I +[ 3HJDZ/DZR 
cellulose phosphate column 
acidic ' traction 
(nucleotides) 
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~ 
wash eluate 
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I 
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n-Bu~ 
(nucleoti- aqueous 
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(bases/ribosides/glucosides) 
I 
paraffin/silica gel column 
~ 
eluate water 
~nm 
wash 
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basic wash acidic eluate 
(bases/base- (ribosides/riboside-
glucosides) glucosides) 
I de derived 
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I 
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Figure 3 . 1 (continued) 
~ 
GC-MS 2D-TLC (G/F , E) 
I 
Baker column 
eluate (TMS-ZR/DZR) 
DCI-MS 
a layer/solvent 
b D5-ZR plus D5-DZR. 
l 
Figure 3.2. (a) Ion currents monitored during GC-MS quantification of DZR 
purified from blue lupin xylem exudate. The mixture of endogenous (Do) DZR and 
pentadeuterum-labelled (D5) DZR was converted to tetra-TMS derivatives before 
analysis. The D5-DZR eluted about 6 seconds before the Do-DZR. (b) Partial CI 
mass spectra of an underivatized mixture of D5-ZR plus D5-DZR in the proportions 
added to the lupin sample. (c) Partial CI mass spectra (scanned m/z 350-365) of 
the underivatized mixture of ZR (Do+ D5) and DZR (Do+ D5) purified from lupin 
xylem exudate. In (b) and (c) the peaks are due to MH+ ions. 
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Figure 3.3. The distribution of radioactivity over 1D-thin-layer chromatograms 
(layer A) of extracts from blue lupin plants supplied with [ 3H]ZR (Exeriment 1). 
The barred lines labelled Dl, D2 and D3 denote the location of these dyes. The 
zones designated A-D denote regions eluted for further identification of 
metabolites . Along the horizontal axis, zone number is plotted, each zone being 
approximately 1 cm. 
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Figure 3.4. The distribution of radioactivity over thin-layer chromomatograms 
of nucleotide fractions after treatment with phosphatase. (a) Axillary shoot 
extract; eluate of zone C in Figure 3.3f. (b) Pod wall extract; eluate of zone 
C in Figure 3.3e. (c) 2D-TLC eluate containing the metabolite U-NT. In (a) and 
(b) the layer A and solvent A were used; in (c) the layer F and solvent F were 
used. OR denotes the origin. 
Figure 3.5. The distribution of radioactivity over a thin-layer chro~matogram 
(layer El, solvent H) of the p-glucosidase hydrolysate of a glucoside fraction 
derived by 2D-TLC from lower leaf laminae on a lateral stem (Exeriment 2). 
Cochromatographed markers are denoted by the barred lines. 
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Figure 3.6. The distribution of radioactivity over thin-layer chromatograms 
(layer A, solvent A) of extracts prepared from bark and xylem plus pith 
(Experiment 3) . (a) Bark extract; (b) xylem plus pith. Dyes Dl, D2 and D3 are 
denoted by barred lines. 
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Figure 3.7. A representation of a blue lupin plant 
used for the feeding experiment in which [3H]ZR was 
supplied via a cotton thread. Above the second node 
(location of the feeding site), the main stem was 
divided into three regions of approximately equal 
length, termed lower , middle and upper. The percentage 
of the total radioactivity (dpm extracted by both MAW 
and 0.5 N KOH) in these and other stem regions with 
their associated leaves, in the inflorescences, and in 
the remainder of the plant are given in parentheses. 
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Figure 3.8. The distfribution of radioactivity over thin-layer chromatograms 
(layer C, solvent L) of the fractions extracted with 0.5 N KOH from xylem plus 
pith of blue lupin stems from intact plants supplied with [ 3H]ZR. (a) Upper 
main ste m; (b) lower main stem. The stem tissue was first extracted with 
me thanol solvent. A denotes 2'- and 3'-AMP; G denotes 2'- and 3'-GMP which were 
partially resolved. 
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Figure 3.9 A cross section (x 180, stained with 
toluidine blue) of the stem of a blue lupin (Lupinus 
angustifolius L.) plant at 25 DAF. The separation of 
bark from xylem plus pith took place at the inner layer 
of cambial zone. 
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4.1 INTRODUCTION 
In the last chapter, the results from a series of experiments were 
presented regarding translocation and metabolism of root-produced 
cytokinins in _fruiting blue lupin plants. Since this topic is very 
important in relation to the role cytokinins play in the regulation of 
plant development , repetition with some other species appeared 
desirable. Yellow lupin was chosen for this mainly for the reason 
already given (Section 1.4.3). Furthermore, the identities and levels 
of cytokinins in its pods had been well established by GC-MS analysis 
(Summons et al. 1979b, 1981). 
The last chapter has demonstrated that xylem-supplied [3H]ZR is 
not preferentially transported into the developing seeds of blue lupin 
plants. It is still · important to clarify the identity of the small 
amount of label detected in the seeds. Thus, further experiments were 
designed in which 3H-labelled ZR and DZR (another major endogenous 
cytokinin in blue lupin xylem exudate) of high specific radioactivity 
(3.8 and 5.1 Ci mmol-l respectively) were supplied to the lateral stem 
xylem of blue lupin plants. The aim was to get a sufficient amount of 
3H into the seeds so that the identities of the labelled compounds 
could be established. As a basis for this further study, the 
endogenous cytokinins in blue lupin seedcoats and embryos were 
determined by RIA. Because of the great difference found, the 
seedcoats and embryos were 
metabolites of ZR and DZR. 
examined separately for 3H-labelled 
Previous experiments in this laboratory (Summons et al. 1981) and 
studies reported in this thesis (Chapter 3) indicated that a 
substantial proportion of stem radioactivity was localized in bark 
tissues after supplying [3HJZR to the base of derooted plants or 
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directly to the xylem of intact plants. Since the stem may modify the 
cytokinins being transported within it and this could be of regulatory 
significance, an endeavour has now been made to assess, in short-term 
experiments, the cytokinin movement in stem tissues, to identify the 
metabolic cha~ges involved and especially the specific metabolite(s) 
which move from xylem to phloem. In the previous studies concerning 
lateral movement in this thesis (Chapter 3), the experiments were 
long-term (5-27 h) and the significance of some metabolites was 
difficult to assess due to the complexity of the metabolism. 
4.2 MATERIALS AND METHODS 
4.2.1 Quantification of Cytokinins in Xylem Exudate of Yellow Lupin 
Plants 
Yellow lupin (Lupinus luteus L., cv. Weiko III) plants were grown 
in 7-inch pots containing potting mixture in a glasshouse at 25/20°C 
day/night temperature. A gradual-release fertilizer (Osmocote, 
Sierra, N/P/K/S 14:6.1:11.6:4.5) was supplied two weeks before 
flowering. The plants (about 30 DAF) were detopped 3 cm above the 
surface of the potting mixture and bark (0.5 cm below the cut) was 
scaped off. A 4-cm vinyl tube containing some glasswool was capped 
tightly on top of the stump after blotting away any exudate which had 
formed. The collection was usually started at 9 a.m. in the morning 
and lasted for 12 h. The xylem exudate absorbed in the glasswool was 
stored at -20°c. Figure 4.1 presents schematically the steps for 
purifying and separating cytokinins in yellow lupin xylem exudate 
prior to RIA. 
4.2.2 Translocation of [3HJZR and [ 3HJZ in Yellow Lupin Shoots 
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[ 3HJZR (0.4 Ci mmol- 1 ) was synthesized as described in Section 
3 .2. ci -1 mrnol ) was obtained 3 from [ H]ZR by NaI0 4/CHA 
treatment and then purified by TLC (layer A, solvent A; then layer E2, 
solvent J) . 
Fruiting yellow lupin plants with two laterals (immediately below 
the main inflorescence) were debarked (1 x 0.3 cm area) at two 
opposite stem sites on the seventh internode from the main 
inflorescence. [ 3H]ZR (2 µMin water) or [ 3H]Z (50 nM in water) were 
supplied to the xylem by a thread drawn through the stem at the 
debarked area. Uptake and water chase times are given in the Results 
Section for different experiments. Only the part of shoot from the 
second internode above the feeding zone was dissected and extracted. 
4.2.3 Quantification of Cytokinins in Developing Seeds 
The developing seeds of blue lupin plants, grown as the yellow 
lupins (Section 4.2.1), were harvested about 30 DAF (average fresh wt 
170 mg -1 seed ) when the liquid endosperm had disappeared. The 
developing seeds of soybean (cv. Anoka) plants (see Section 5.2) were 
harvested about 35 OAF (average fresh wt -1 250 mg seed ) . Seedcoats 
and embryos were separated and extracted with MFW as detailed in 
Section 2.1.1. Purification and isolation procedures for the blue 
lupin and soybean seed samples are presented schematically in Figure 
4.2, and recovery markers we re [ 3HJDZ, [3HJDZR, [3HJZR and [14CJAMP as 
mentioned in Section 3. 2 .1. RIA was carried out as described in 
Section 2.9. 
4.2.4 Translocation of (3H]ZR and (3HJDZR in Blue Lupin Lateral 
Shoots 
Blue lupin plants were grown in a glasshouse as mentioned above. 
n 
133 
Uniform first order laterals with pods (20-25 DAF) were selected and 
supplied at the second internode, with [3H]ZR (3.8 Ci -1 mmol , 
synthesized by C.H. Hocart and D.S. Letham, unpublished) and [3H]DZR 
(5.1 Ci -1 mmol , synthesized by D.S. Letham, unpublished) both at 
0.5 µMin wat~r solution. The wick-thread feeding, which has been 
described before, lasted 10 h during the day, and the plants were then 
left in the glasshouse overnight (15 h). 
4.2.5 Lateral Movement and Metabolism of Cytokinins in Blue Lupin 
Stem Tissues 
At about 25 DAF, the leaves of the main stems of blue lupin plants 
(cultured as mentioned above) were cut off (1 cm-long petiole segments 
were retained) and rings were made just below and above all nodes so 
that the bark tissue$ were disconnected along the main stem. Roots 
were then excised and the stem bases without bark placed in [ 3H]ZR or 
[3H]DZR (3.8 and 5.1 Ci -1 mmol , respectively) water solutions both at 
2 µM. Uptake time and subsequent period in water are given in 
Results . Bark and xylem plus pith, as 3-4 cm segments, were also 
excised from the stem and incubated on filter paper wetted with [3HJZR 
· 3 -1 
or ( H]DZR (3.8 and 5.1 Ci mmol , respectively, both 2 µM) in petri 
dishes in light at 23°c for 2.5 h. 
4.3 RESULTS 
4.3.1 Endogenous Cytokinins in Yellow Lupin Xylem Exudate 
Cytokinins present in the xylem exudate from fruiting yellow lupin 
plants (30 DAF) were determined by RIA. Their identities and levels 
are listed in Table 4.1. The most abundant cytokinin in the exudate 
was z. It is evident that the levels of all the cytokinin bases (iP, 
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Zand DZ) exceeded those of the corresponding ribosides, 0-glucosides 
and nucleotides, an exception being iPMP. Unexpectedly, the iP-type 
compounds (iP, iPA and iPMP) composed quite a large proportion of the 
total cytokinins in the exudate. Finally, only one form of 0-
glucosides, OGZ, was detected after p-glucosidase hydrolysis, and it 
occurred at a substantial level. The total amount of cytokinins 
detected in one ml of xylem exudate was 15.6 pmol, i.e. a 
concentration of 15.6 nM. 
4.3.2 Fate of Xylem-Supplied [3H]ZR and [3H]Z in Yellow Lupin Plant 
Shoots 
The distribution of radioactivity derived from [3HJZR in the 
shoots of yellow lupin plants (25 DAF) is shown in Table 4.2. The 
node of the feeding zone and the node above were not extracted. Bound 
3H was found to comprise a much smaller proportion (16.5 %) of the 
3 total H, than was the case with blue lupin. However, as in blue 
lupin, bound 3H as a percentage of the total recovered from a 
particular region, was least for laminae and very high for seeds. 
The following comments refer to MAW-extractable 3H: (a) laminae 
accounted for the greatest, and embryos the least, percentage (42.5 
and 0.1, respectively) of this 3H; (b) on per unit fresh weight basis, 
3H was greatest in petioles of the main stem and least in embryos; (c) 
while pods accounted for 17.6 % of total 3H, this was nearly all 
localized in podwalls; (d) the 3H content of seedcoats was much higher 
than that of embryos. 
Selected extracts from the yellow lupin shoots (laminae, podwalls 
and seedcoats) were subjected to TLC separation and the distribution 
of 3H among metabolites was recorded (Table 4.3). The radioactivity 
in the embryo extract was too little for elucidation of metabolite 
, 
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identity. As in blue lupin, the dominant metabolite of [3H]ZR in the 
laminae was OGDZ. In podwalls, DZR, OGDZR and OGZR were the major 
metabolites with an intact z moiety. Because only a very small amount 
of radioactivity was extracted from the seedcoats, it was only 
possible to d~termine the 3H due to all cytokinins collectively. This 
was achieved by hydrolyzing the crude extract first with phosphatase 
and then with ~-glucosidase to convert nucleotides to ribosides and o-
glucosides to bases and ribosides. The resulting hydrolized extract 
was subjected to TLC (layer A, solvent F) and the radioactivity in the 
zone which would contain Z, DZ, ZR and DZR was determined. Only a 
very small proportion (2.3%) of the total extracted 3H was due to 
cytokinin bases, ribosides, 0-glucosides and nucleotides. 
Further experiments were conducted with younger yellow lupin 
plants in order to assess [3H]ZR movement into seeds during early seed 
development, especially the maximum endosperm period. Table 4.4 
presents the results obtained from a plant (18 DAF) bearing seeds of 
59 mg average fresh weight (range from 10 to 70 mg) when they were at 
about the maximum endosperm stage and had very tiny cotyledons. The 
proportion of 3H detected in the seed extract relative to the total 
extracted from the shoot was even less than that found in the previous 
study (cf. Table 4.2). The very small -1 seeds (10 mg seed ) did not 
contain more 3H per unit fresh weight than the bigger seeds (70 mg 
-1 
seed ) . The contribution of bound 3H to the total 3H (MAW-soluble 
plus bound) detected in each region was much greater relative to those 
found in the earlier study (cf. Table 4.2). This could have been 
resulted from the longer application time (100 h). Another plant at 5 
OAF was also supplied with [ 3H]ZR (concentration and method as before) 
over a prolonged period (16 days). Different regions of the shoot 
(mean seed fresh weight 90 mg) were extracted with MAW 36 h later. 
I -
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However, the 3H detected in such seeds did not account for a greater 
percentage of the total extracted from the shoot when compared with 
the other experiments mentioned above. 
Since Z was the most abundant form of cytokinin revealed by RIA in 
the xylem exudate of yellow lupin plants at 30 DAF (Table 4.1), (3H]Z 
of high specific radioactivity was prepared (Section 4.2.2) and 
supplied at 0.05µM to the xylem of intact plants for 48 h. The 
plants were extracted 24 h later. The concentration introduced would 
not appreciably alter the original endogenous level. This experiment 
was a further assessment of the possibility that developing seeds act 
as a strong sink for the xylem-transported cytokinins. Table 4.5 
shows that 44% of total extracted radioactivity was in leaves and 
again only a very small amount of it (1.3 %) was found in the seeds. 
In this experiment, a large proportion (43.8 %) of the total recovered 
3H was localized in the stem. Hence xylem-transported Z is more prone 
to retention in the stem than is ZR (cf. Table 4.2). 
4.3.3 Endogenous Cytokinins in Developing Seeds 
Quantitative analyses were carried out on the endogenous 
cytokinins in developing blue lupin seeds using RIA. Except for LA 
and DLA, all the known naturally-occurring cytokinins were assayed in 
separated seedcoat and embryo tissues (Table 4.6). On a fresh weight 
basis, cytokinin content was much higher in seedcoats than in embryos. 
On a per seed basis, this is also true; 80.4 % of seed-contained 
cytokinins were present in the seedcoat (the ratio of fresh weight 
between seedcoat and embryo was 2.56:1). The relative proportions of 
different cytokinins in the seedcoat were different from those in the 
embryo. For example, DZR was the most abundant form in the seedcoat 
but was relatively low in the embryo in which DZMP was the dominant 
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form. ZR, DZ and OGDZR were also prominent in the seedcoat, but were 
minor cytokinins in the embryo. The nucleotide ZMP and DZMP were 
prominent in both seedcoats and embryos. For comparison, endogenous 
cytokinins in developing soybean (Glycine max, cv. Anoka) seeds were 
also analyzed_ using RIA (Table 4.7). It should be noted, firstly, 
that the total content in the soybean seeds was much less than that in 
the blue lupin seeds (cf. Table 4.6). This may be partly due to the 
greater maturity of the soybean seeds since at harvest, they reached a 
much higher persentage of final fresh weight compared to the blue 
lupin seeds. Secondly, the relative proportions of cytokinin species 
in the soybean seeds were quite different from that in the blue lupin 
seeds. DZ and Z were the most abundant components in the soybean 
seedcoats and embryos, respectively. DZMP was also a very prominent 
cytokinin in the seedcoats, but not in the embryos. It is not clear 
at this stage whether the differences between soybean and blue lupin 
seed cytokinins are due to inherent species differences or to maturity 
differences. However, as in the blue lupin seeds, the cytokinin 
content of the seedcoat of the developing soybean seeds was much 
greater than that of the embryo. 
4.3.4 Translocation and Metabolism of [3HJZR and [3HJDZR in Blue 
Lupin Lateral Shoots 
The amount of 3tt which moved 
substantial for both [ 3H)ZR and 
into the developing fruits was very 
(3H]DZR applications and especially 
for the latter (Table 4.8). However, the values for dpm per unit 
fresh weight for seeds were much lower than those for podwalls (Table 
4.8), indicating that the seeds do not act as a sink for xylem 
3 
cytokinins. Nearly all the H which reached the fruits was localized 
in the podwalls and 80-90% of the 3H in the seeds was localized in the 
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seedcoats. Another interesting point is the ratio of bound 3H/total 
detected in different fruit tissues: embryo > seedcoat > podwall. 
This implies either that the seeds metabolize cytokinin more 
intensively to purines which are incorporated into RNA or that the 
seeds actually recieve such compounds. 
The above results confirm the previous findings regarding the 
amount of 3H recieved by the seeds of blue and yellow lupin plants, 
and it is now possible to further identify this radiocativity in the 
seeds. The contributions of known cytokinin metabolites to MAW-
extracted radioactivity from regions of the lateral shoots were 
assessed with the newly established 
presented in 
2D-TLC 
Tables 4.9 
System C. 
and 4.10. 
The 
When comprehensive results are 
[ 3HJZR was supplied to the laterals, a substantial proportion of the 
MAW-extracted 3H in the seedcoats (13.5 %) and podwalls (17.8%) was due 
to DZR; significant proportions (8-10 %) of OGDZ were also present. 
However, no metabolites with an intact Z moiety were detected with 
certainty in the embryos. When was supplied to the laterals, 
17.1 and 22.9 % of the MAW-extracted radioactivity was due to DZR plus 
DZMP plus 0-glucosides in seedcoats and podwalls, respectively. In 
contrast, the only metabolites found in the embryos with an intact Z 
moiety were DZR (3.9 %) and OGDZ (6.1 %). Hence a very minute 
proportion of the supplied DZR, but not of supplied ZR, appears to 
reach the embryos either directly or as a metabolite with a Z moeity. 
It has been demonstrated again that the main metabolite of xylem 
supplied cytokinins in laminae is OGDZ. The [3HJZR and [3HJDZR 
experiments were carried out with different batches of plants at 
different times and hence the two groups of data (Tables 4.9, 4.10) 
cannot be compared precisely. However, the greater resistance of DZR 
to the sidechain cleavage by cytokinin oxidase is apparent (see values 
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of Ade, Ado and AMP in Tables 4.9, 4.10). The higher incorporation 
rate of 3H into the pods from DZR than from ZR may be partly due to 
this stability. 
4.3.5 Cytokinin Lateral Movement and Metabolism in Blue Lupin Stem 
Tissues 
The girdling experiments (see Section 4.2) were carried out to 
further characterize the direct lateral movement of cytokinins from 
the xylem. A pulse/water chase time of 1.5/3.5 h was first adopted 
for supplying [3HJZR and [3HJDZR to the derooted lupin plants via the 
transpiration stream. Tables 4.11 and 4.12 list the distribution of 
radioactivity in the stems. Of the total MFW-soluble 3H recovered 
from the main stem internodes, 11.7 and 15.1% were derived from the 
bark tissues after · [3H]ZR and [3H]DZR applications, respectively. 
More 3H moved into the bark tissues in lateral stems and the 
corresponding percentages were 24.1 and 18.9, respectively. A 
considerable proportion of ZR and DZR supplied was rapidly broken down 
and incorporated into the MFW-insoluble materials (most probably RNA) 
in the stem, especially after the ZR application. Compared to the 
bark tissues, the xylem plus pith tissues contained a larger amount of 
bound 3H. There was no difference between nodes and internodes in 
terms of the 3H distribution in stem tissues (Table 4.11). 
A complex of metabolites was present in both xylem plus pith and 
bark tissues (Table 4.13). Cochromatography indicated that a 
substantial amount (29-42 %) of 3H detected in the bark tissues was due 
to known cytokinin metabolites, particularly DZ, DZR and nucleotides, 
showing that direct radial movement of cytokinins from xylem to bark 
occurred. Metabolism of [3HJZR in the main stem and in lateral stems 
was similar. The metabolite X-NT, previously detected in blue lupin 
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tissues (see Section 3.3), was again observed. As found before , it 
was more prominent in bark than in xylem plus pith (Table 4 . 13). In 
an attempt to find out which particular cytokinin(s) moved from xylem 
to bark, further experiments were conducted in which [3H]ZR and 
(3H]DZR were ~upplied for a much shorter period (30/10 min pulse/water 
chase). In addition , excised xylem plus pith and bark tissues were 
incubated separately with the cytokinins. After the short period of 
supplying (3H]ZR and (3H]DZR to intact stems, only 1.1 and 1.3%, 
respectively, of 3H extracted with MFW was derived from the bark 
tissues. However, the metabolites of ZR in both parts of the stem 
were still complex although DZR gave a somewhat simpler metabolite 
pattern. When ZR was supplied, dihydro metabolites (DZ, DZR and DZMP) 
and z were more prominent in the bark tissues than in the xylem plus 
pith (Table 4.14). · The metabolite X-NT did not appear to be present 
in significant amounts, but the low level of radioactivity made 
precise determination difficult. However, a further metabolite, 
probably related to X-NT (see next Section), was detected and termed X 
while a corresponding metabolite (Xd) derived from DZR was also found 
(see Table 4.14). These metabolites cochromatographed with iPA in the 
first dimension of 2D-TLC System D and were located just below iPA in 
the second dimension. It is significant that X and Xd were prominent 
in bark but not in xylem plus pith. 
Studies involving the incubation of excised bark and xylem plus 
pith with [3H]ZR and (3H]DZR revealed that the metabolite patterns in 
the isolated tissues (Table 4.15) were similar to those found in the 
intact stem. In particular, the contribution of DZ to total extracted 
3H in the bark was 6-10 times that in the xylem plus pith. Hence 
active deribosylation appeared to be confined mostly to bark tissues, 
a conclusion further supported by the percentage of 3H due to Zin 
I-
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bark and xylem plus pith tissues after supply of [3HJZR. Sidechain 
reduction also appeared to be more intense in bark. It is also 
noteworthy that the unknown metabolites, especially X and Xd, were 
much more prominent in bark than in xylem plus pith. Hence, ZR and 
DZR metabolism is much more intense in bark compared with that in 
xylem plus pith. 
4.3.6 Characterization of Unknown Metabolites Formed in Blue Lupin 
Stems 
were purified from the bark extracts by TLC 
(layer E, solvent H). They migrated between iPA and ZR/DZR on silica 
gel thin-layers A, Band F when the developing solvents were A or F. 
It is interesting to notice that this behavoiur is the same as that 
shown by the phosphatase hydrolyzed product of the unknown popular 
(nucleotide) metabolite (U-NT) found in blue lupin podwalls (see 
Section 3.3). To obtain more metabolites for characterization, 
excised bark pieces were incubated in a high concentration (30 µM) of 
[3HJDZR solution for 2 h. Unexpectedly, very little Xd was formed, 
but about 10 % of the total extracted radioactivity had the same TLC 
behaviour as U-NT from pods (Table 3.4) and X-NT from intact stems 
(Table 4.13). This unknown polar metabolite of DZR has been called 
Xd-NT. Two aliquots of partially purified [3H]Xd-NT (containing some 
[3H]DZMP) prepared by TLC (layer A, solvent F) were subjected to 
degradation, one by chemical (NaI0 4/CHA) cleavage, and the other by 
enzyme (phosphatase) hydrolysis. The distributions of 3H over thin-
layer chromatograms (layer F, solvents A and F) of the resultant 
chemical cleavage product are shown in Figure 4.3. When the 
de~eloping solvent was F, the main 3H peak appeared between iP and DZ 
zones, while it had a higher Rf value than that of iP when the 
II 
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developing solvent was A. Thin-layer chromatographic analyses (layer 
F, solvents A and F) of the phosphatase hydrolysate revealed that the 
main 3H peak occurred between iPA and DZR zones on both chromatograms 
(Figure 4.4). The above observations imply that Xd-NT is a phosphate 
of Xd and contains a ribosyl or ribosyl-like moiety. 
Phosphatase hydrolysate of Xd-NT was purified by TLC to remove 
all DZR present. This was then supplied, at 2 µM, via the 
transpiration stream, to a small explant (containing part of the stem, 
several leaves and an inflorescence with two pods) from a blue lupin 
plant at late podfill. A substantial amount of 3tt was extracted only 
from the leaves after 2-h uptake and 3-h water chase. It was found 
that the unknown metabolite had disappeared completely and that it was 
converted into three metabolites; the two major ones cochromatographed 
with DZ and DZR, and- the minor one cochromatographed with OGDZ (Figure 
4.5). Hence in lupin leaves, the dephosphorylated form of Xd-NT 
appears to revert to DZR which is converted, as expected, into DZ and 
OGDZ (cf. Section 3.) . Since dephosphorylated Xd-NT, which is 
presumably identical to Xd, appeared to be converted into DZR in lupin 
leaves, it must have a substituent which is readily cleaved 
enzymically on the isoprenoid sidechain. One likely possibility is an 
acyl moiety attached to the oxygen atom, i.e. Xd is an ester 
derivative of DZR. To test this possibility, dephosphorylated Xd-NT 
was treated with esterase. The esterase hydrolysate was examined by 
TLC (layer F, solvent F) and the distribution of 3tt on the 
chromatogram is shown in Figure 4.6. 3 Of the total detected H, 43% 
was localized in the DZR zone, indicating that the unknown metabolite 
contains an ester moiety. 
4.4 DISCUSSION 
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4.4.1 Translocation of Xylem Cytokinins in Yellow Lupin 
Cytokinin identities and level in the xylem exudate of yellow 
lupin plants at 30 DAF were estimated by RIA (see Table 4.1). When 
these data are compared with those obtained for blue lupin xylem 
exudate (cf. Table 3.1), The following differences are evident: (a) z 
and DZ were the predominant cytokinins in yellow lupin, while their 
ribosides, ZR and DZR were the major ones in blue lupin; (b) iP and 
iPA were more abundant in yellow lupin; (c) 0-glucosides except for 
OGZ were not detected in yellow lupin; (d) The total molar 
concentration of cytokinins in yellow lupin exudate was about half of 
that of blue lupin. On the basis of bioassay, Davey and Van Staden 
(1976b) have reported differing fluctuations of Z/DZ and ZR/DZR during 
the development of tomato plants. However, it is unlikely that the 
differences observed -between yellow and blue lupin are a consequence 
of this, because the both species were sampled at the same stage of 
development (early podfill). 
When the yellow lupin experiments were started, the fundamental 
questions asked were the following: (1) Does ZR supplied to the xylem 
of yellow lupin behave as it does in blue lupin, particularly 
regarding its movement into the developing seeds? (2) Does z, which 
was found to be the major cytokinin in the yellow lupin xylem exudate, 
exhibit similar movement in relation to the developing seeds? 
It was found that the distribution of xylem-supplied [3HJZR and 
(3H]Z in fruiting yellow lupin plants was similar to that observed for 
(3HJZR in blue lupin plants (see Chapter 3). With both ZR and z, only 
very small proportions (0.8-1.6 and 
respectively) of 3H were detected 
1.3% of 
in the 
3 total MAW-soluble H, 
seeds, even when the 
application zone and the node above were not counted. Of all the 
regions, the seeds had the lowest radioactivity per unit fresh weight. 
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In experiments where [3HJZR was applied, plants bearing seeds 
differing in developmental stage were used and seed weight varied 10 
to 200 mg. In the smallest seed, no cotyledons were evident; in the 
largest seed the endosperm was completely absorbed and the cotyledons 
essentially ftlled the seed. However, these seeds of widely varying 
maturity all exhibited essentially the same extremely poor ability to 
accumulate xylem ZR. It is believed that in the application of [3HJZ, 
the endogenous concentration of this cytokinin in the transpiration 
stream was not appreciably altered. It was found that much more 3tt 
was localized in the seedcoat than in the embryo when (3HJZR was 
supplied. However, this difference was 
introduced into the xylem. The ratio 
each shoot region was determined after 
not evident when [3HJZ was 
of bound/total detected 3H in 
[3HJZR application and was 
highest for embryo and second highest for seedcoat, indicating that a 
large portion of 3tt in the seed, especially in the embryo, was 
incorporated into RNA. This result is reminiscent of that found with 
intact blue lupin seed (cf. Table 3.8). 
Metabolites formed from [3HJZR in the yellow lupin laminae, 
podwalls and seedcoats were examined. Identification by TLC revealed 
that only 2.3% of the MAW-soluble 3tt in the seedcoats was due to 
cytokinins. TLC of 3tt extracted from the laminae and podwalls showed 
that OGDZ and DZR were the principal metabolites in the two parts, 
respectively. Similar results were obtained in the experiment with 
blue lupin (cf. Tables 3.4, 3.11). 
There are some differences between yellow and blue lupin shoots in 
the distribution of 3H derived from [3HJZR (cf. Tables 4.2, 4.4, 
Tables 3.9, 3.10). These may be due simply to the much longer 
peduncle of yellow lupin, different times and sites of application, 
and ommission of extracting the application zone and the node above 
• 
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for the yellow lupin shoots. 
4.4.2 Cytokinin Translocation into the Seeds of Blue Lupin 
The endogenous levels of blue lupin seed cytokinins were 
determined f~rst in order to provide a basis for further studies of 
cytokinin translocation into developing seeds of blue lupin. The 
seeds used were slightly greater in size than those on laterals of 
plants employed for the studies of Section 4.3.4. An unexpected 
finding was the high level of cytokinins in the seedcoats relative to 
that in the developing embryos. Although there are in the literature 
many assessments, by bioassay, of cytokinin levels in seeds, there are 
few studies in which the seeds were dissected and only two such 
studies concern legume seeds. One concerns developing L. albus seeds 
(Davey and Van Staden 1979) and the cytokinin level found in the 
seedcoats greatly exceeded that in the embryos when the endosperm had 
largely disappeared. However, at an early stage, the endosperm 
content was greater than that of the seedcoat. While these results 
are in accord with the findings of this thesis for blue lupin seeds, 
they must be interpreted with caution for the following reasons. 
Firstly, quantification was based on bioassay and no recovery 
assessment was made. The levels recorded were exceptionally high 
(over 200 µg zeatin equivalents per g of seed) indicating that a seed 
of 160 mg contains 32 µg of zeatin equivalents. This represents, on a 
dry weight basis (suppose 10 % dry matter for the seeds), a content of 
0.2 %, which, if corrected for the likely low recovery during 
purification (25 %, see Dekhuijen and Gevers 1975, Vreman and Corse 
1975), would be 0.8%. This level is in fact about 1,000 times the 
hi~hest reported cytokinin levels (see McGaw et al. 1984b) and must be 
questioned. Perhaps autoclaving of media caused erroneously high 
I-
146 
values, e.g. kinetin is formed by autoclaving. Secondly, cytokinin 
nucleotides would be discarded in the purification method used by 
Davey and Van Staden (1979). In the other study concerning endogenous 
cytokinins in dissected legume seeds (Lorenzi et al. 1978), cytokinin 
levels were a$sessed in intact bean seeds and in seeds with the 
embryos plus suspensor removed. On a fresh weight basis, the level in 
embryo plus suspensor greatly exceeded that in the remainder of the 
seed (seedcoat), a result not in accord with the findings recorded 
herein for blue lupin. 
RIA established that developing blue lupin seed contained very 
high cytokinin level which was similar to those found in yellow lupin 
seed by MS an RIA (Summons et al. 1981, Badenoch-Jones et al. 1984b). 
The major cytokinin in both seeds was DZR. With yellow lupin seeds, 
cytokinin nucleotides were not measured in the study using MS, while 
ZMP was found at a quite high level in the study using RIA. In blue 
lupin seeds, ZMP and DZMP were prominent components. Very high levels 
of z and DZ nucleotides in the immature Phaseolus coccineus seeds 
(Sodi and Lorenzi 1982) and very high ZMP level in the immature Zea 
mays (Hocart 1985) have been detected. Apart from the unequivocal 
identification of ZMP in sweet corn seed (Letham 1973), these are the 
only reports of cytokinin nucleotides in developing seeds. In the 
present study, iP-type cytokinins were observed. The only known study 
in which iP-type cytokinins were identified with certainty in seeds 
(sweet corn kernels) is that by Hocart (1985). However, in both blue 
lupin and soybean seeds, the cytokinin level in seedcoats was several 
times greater than that in embryos. 
In the experiments in which [3HJZR or [3HJDZR of high specific 
radioactivity were supplied to lateral stems of blue lupin, it was 
possible to assess whether any cytokinin supplied to the xylem 
actually contributed to the 
results in Table 4.9 show 
percentage of 3H in the 
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high cytokinin level in the seed. The 
that when [3H]ZR was supplied, a moderate 
seedcoats was due to conserved cytokinin 
(mainly DZR), but negligible 3H in the embryos could be attributed 
definitely to. known cytokinins. However, [3H]DZR supply resulted in a 
moderate percentage of radioactivity due to cytokinins in both the 
seedcoats and embryos (Table 4.10). Hence, a very small proportion of 
xylem-supplied ZR and DZR does actually reach the seed and is 
conserved as compounds with cytokinin activity, mainly dihydro 
derivatives of Z. It is, however, debatable whether these small 
amounts of cytokinins from xylem are sufficient to account for an 
appreciable proportion of the endogenous cytokinin level in seed. 
This is discussed in Chapter 8. 
4.4.3 Lateral Movement of Xylem Cytokinins in Stem Tissues 
The work described in this Chapter revealed that xylem cytokinins 
moved rapidly into the bark tissues and the dominant metabolites of 
[3H]ZR in these tissues in a 5-h experiment (Table 4.13) were DZ, DZR, 
Ado, DZMP and the unknown metabolite X-NT, while in a 40-min 
experiment (Table 4.14), DZ, DZR, DZMP, ZMP and X were the major 
metabolites. Release of cytokinin bases, sidechain reduction and 
formation of the unknown metabolites X and X-NT appeared to be largely 
confined to the bark tissues (Table 4.15). From the short-term study 
(Table 4.14) and that with excised tissues (Table 4.15), some 
deductions can be made regarding the metabolite(s) which actually 
move(s) from xylem to bark. Firstly, glucosides are not formed in 
short-term experiments and are therefore not translocated forms. 
Secondly, while DZR and/or other dihydro metabolites (DZ, DZMP) can 
move to bark, at least to some extent, these metabolites are not the 
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sole translocated forms of ZR, since they do not revert to ZR and z in 
bark (Table 4.15). Thirdly, since formation of DZ, Z, X and Xd are 
nearly completely confined to bark (Table 4.15), these metabolites are 
unlikely to be the major translocated forms of ZR. Hence ZR itself 
and ZMP are the likely forms to move to bark. Finally, the pattern of 
ZR metabolites in bark of intact stems and in excised bark are 
strikingly similar (Tables 4.14, 4.15) and hence ZR itself could be 
the major cytokinin which moves when this riboside is supplied. 
In the studies of ZR and DZR translocation within the stem, four 
new cytokinin metabolites were recognized. Two were polar, namely X-
NT and Xd-NT, derived from ZR and DZR, respectively. The other two 
resembled cytokinin ribosides during TLC and were termed X and Xd, 
derived from ZR and DZR, respectively. Since these metabolites, which 
are formed mainly in· bark, appear to be related to the metabolite U-NT 
detected in podwalls (see Chapter 3), their interrelation and possible 
structures are discussed collectively in Chapter 8. 
..... -
Table 4.1. Cytokinin Level in the Xylem 
Exudate of Fruiting Yellow Lupin Plants 
(30 DAF) . 
Cytokinin 
iP 
iPA 
iPMP 
z 
ZR 
DZ 
DZR 
ZMPa 
OGZb 
Total 
Values were Determined by RIA. 
-1 Level (pmol ml ) 
1. 9 
1. 4 
1. 9 
4.5 
0.7 
2.2 
0.2 
1.1 
1. 7 
15.6 
a DZMP was not determined 
bother O-glucosides were not detected and 
N-glucosides were not determined. 
14 9 
Table 4.2. Levels of Radioactivity Detected in Shoots of 
Intact Yellow Lupin Plants which were Supplied with [3HJZR 
(2 µM) via the Transpiration Stream for 45 hand Extracted 
36 h Later. The mean seed fresh weight was 150 mg. 
MAW-Soluble 3tt 
Region 
Main Shoot 
Stem 
Laminae 
DPM 
-1 
mg 
(fresh 
wt) 
21.5 
19.1 
Petioles 31.9 
Peduncle 8.5 
Podwalls 3.2 
Seedcoats 1.3 
Embryos 0.1 
Lateral Shoot 
Stem 8.8 
Laminae 19.7 
Petioles 8.8 
Flowers/ 
Small Pods 3.3 
% of Total 
from Whole 
Shoot 
10.2 
24.5 
16.5 
8.3 
16.1 
1.5 
0.09 
3.5 
15.5 
2.4 
0.08 
a soluble plus bound. 
DPM 
-1 
mg 
(fresh 
wt) 
8.4 
0.9 
6.9 
2.5 
0.9 
0.8 
0.16 
1. 8 
0.7 
2.1 
2.3 
Bound 3 tt Soluble 
% of Totala plus Bound 
from (% of total 
Region 
28.1 
4.5 
17.8 
22.7 
22.0 
38.1 
61. 5 
17.0 
3.3 
19.3 
41.1 
from whole 
shoot) 
12.2 
22.0 
17.2 
9.1 
17.5 
2.1 
0.2 
3.5 
13. 6 
2.5 
0.1 
150 
... --
Table 4.3. Radioactivity in Zones of Thin-Layer 
Chromatogramsa of Extracts from Laminae, Podwalls and 
Seedcoats of Intact Yellow Lupin Plants Mentioned in Table 
4.2 
% of Total DPM in TLC Zones 
Organ AMP/ZMP/DZMP LA/DLA ZG Ado Ade ZR/DZR Z/DZ 
Laminae 7.6 9.8 34.9b 4.7 3.1 3.3 0.7 
Podwalls 1. 0 nd 12.Bc 5.0 10.0 10.6d 1.3 
Cytokinins e Ade/Ado/AMP 
Seedcoats 2.3 5.6 
a 2D-TLC System A for extracts from laminae and podwalls 
and lD-TLC (layer A, solvent F) for extract from 
seedcoats 
b further identified by TLC (layer E, solvent H) after P-
glucosidase hydrolysis as OGDZ only 
c further identified (as above) as probably OGZR (5.2 %) 
and OGDZR (7.6 %), respectively 
d further identified by TLC (layer A, solvent F) as DZR 
(8.8 %) and ZR (1.8 %), respectively 
e including z, DZ and all their ribosides, ribotides and 
0-glucosides . 
1 51 
I 
Table 4.4. Levels of Radioactivity Detected in the Shoot 
of an Intact Yellow Lupin Plant which was Supplied with 
[3HJZR (2 µM) via the Transpiration Stream for 100 hand 
Extracted 24 h Later. 
mg. 
The mean seed fresh weight was 59 
Regionb 
MAW-soluble 3 tt 
DPM % of Total 
mg-l from Whole 
(fresh 
wt) 
Shoot 
Stem 6.3 21. 7 
Laminae 24.6 62.7 
Petioles 8.3 8.3 
Peduncle 5.7 1. 9 
Podwalls 2.1 4.3 
Seeds 2.0 0.8 
Flowers C 3.4 0.3 
a soluble plus bound 
Bound 3 tt Soluble 
DPM % of Totala plus Bound 
-1 
mg from (% of total 
(fresh 
wt) 
12.1 
15.9 
28.0 
7.4 
4.2 
4.9 
4.7 
Region 
65.8 
39.3 
77.1 
56.5 
66.7 
71. 0 
58.0 
from whole 
shoot) 
28.5 
46.6 
17.0 
2.0 
6.4 
0.7 
0.3 
b regions on laterals were mixed with those on the main 
stem 
c from first order laterals. 
15 2 
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Table 4.5. Levels of Radioactivity Extracted with Solvent 
MAW from Shoots of Intact Yellow Lupin Plants which were 
Supplied with [3HJZ (0. 05 
Transpiration Stream for 48 h and 
The mean seed fresh weight was 130 mg. 
Region of Shoota 
Stem 
Leaves 
Peduncle 
Podwalls 
Seedcoats 
Embryos 
Extracted 3H 
-1 (dpm mg fresh 
wt tissue) 
16.0 
12.3 
4.6 
3.7 
2.3 
2.1 
µM) via the 
Extracted 24 h Later. 
% of Total 
from Shoot 
43.8 
44.3 
2.6 
8.0 
0.7 
0. 6 
a regions on laterals were mixed with those o n the main 
stem. 
----
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Table 4.6. Cytokinin Levels in the Developing Seeds 
(mean fresh weight was 170 mg seed-1 ) of Blue Lupin 
Plants. Values were determined by RIA. 
Cytokinin -1 Content (pmol g fresh wt) 
Seedcoat Embryo 
iP 9.3 3.3 
iPA 2.5 1. 8 
iPMP 31.1 a 9.7a 
z 27.4 9.6 
DZ 45.1 2.9 
ZR 88.2 6.4 
DZR 404.6 23.4 
ZMP 117. 4 66.5 
DZMP 197.7 93.7 
OGZ 9.7 nd 
OGDZ 27.0 0.3 
OGZR 20.2 1.1 
OGDZR 61. 6 0.6 
Total 1041.8 219.3 
a this value is probably an overestimate as similar 
activity was detected in adjacent HPLC fractions. 
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Table 4.7. Cytokinin Levels in the Developing Seeds 
-1 (mean fresh weight was 250 mg seed ) of Soybean (cv. 
Anoka) Plants. Values were determined by RIA. 
Cytokinin -1 Content (pmol g fresh wt) 
Seedcoat Embryo 
iP 6.7 nd 
iPA nd nd 
iPMP 24.2a 7.6a 
z 5.9 14.6 
DZ 23.1 6.7 
ZR 0.9 nd 
DZR 4.0 0.4 
ZMP 3.6 1. 9 
DZMP 19.0 2.2 
OGZ 1. 8 1. 7 
OGDZ 3.4 3.8 
OGZR 2.2 0.3 
OGDZR 8.3 nd 
Total 103.1 39.2 
a this value is probably an overestimate as similar 
activity was detected in adjacent HPLC fractions. 
15 5 
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l/') Table 4.8. Radioactivity Distribution in Re gi o ns o f Late ral Shoots of Intact Blue Lupin Plants . 
h h 1 . d . 3 3 5 . h . . Tes o o ts were supp ie with [ H)ZR or [ H)D ZR (both at 0. µM) via t e transpirat ion stream 
for 10 hand we r e e x tra cted 15 h late r. 
Region of 
Lateral Shoot 
Laminae 
Petioles 
Podwalls 
Seedcoats 
Embryos 
Small Pods/ 
Flowers on 
2° Lateralsa 
[ 3HJZR 
MAW-Extracted 3H 
-1 dpm mg % of total 
(fresh wt) supplied 
179.0 9 . 4 
154.7 1.2 
87.8 2.7 
41. 0 0.3 
5 . 4 0 . 015 
a 
second order laterals. 
Bound 3H 
-1 (dpm mg 
(fresh wt) 
17.4 
17 . 8 
4 . 8 
[ :1-IJ_l)_ZR 
MAW-Extracted 3H 
-1 dpm mg % of total 
(fresh wt) supplied 
669.3 18.7 
385.7 1. 7 
430.1 8 . 7 
45.1 0.2 
11. 6 0. 013 
620.7 1. 7 
Bound 3H 
-1 (dpm mg 
(fresh wt) 
65.1 
113 . 1 
85.8 
15 . 3 
7.6 
218.8 
r--
LJ'.) 
Table 4.9. Distribution of Radioactivity over Thin-Layer Chromatograms (2D System C) of Extracts 
from Selected Regions of Lateral Shoots. The shoots were supplied with [3HJZR (0.5 µM) via the 
transpiration stream for a pulse/water chase time of 10/15 h. 
Region of 
Lateral Shoot 
Laminae 
Petioles 
Podwalls 
Seedcoats 
Embryos 
DZ 
2.8 
1. 8 
1. 5 
nd 
z Ade 
1. 5 4.7 
nd 13. 9 
0.4 4.7 
nd 3.6 
--
0.9a 1. 3 
% of Radioactivity in Thin-Layer Zones 
DZR ZR Ado LA/DLA ZG 
3.1 1. 3 12.9 5.5 27.4 
3.4 nd 11. 9 2.9 13. 8 
17.8 nd 2.6 1. 0 9.9 
13.5 1. 5 16.3 0.2 7.8c 
1. 7a nd nd 5.7a 
a not a 3tt peak compared with adjacent zones 
AMP 
3.4 
8. 8 
3.3a 
12.0 
3.7a 
b further identified as DZMP by phosphatase hydrolysis and TLC (layer El, solvent H) 
ZMP/DZMP 
0.9a 
4.0a 
5.3b 
nd 
4.la 
c further identified as OGDZ by ~-glucosidase hydrolysis and TLC (layer El, solvent H). 
(X) 
ll) 
Table 4.10. Distribution of Radioactivity over Thin-Layer Chromatograms (2D System 
C) of Extracts from Selected Regions of Lateral Shoots. The shoots were supplied 
with [ 3HJDZR (0 . 5 µM) via the transpiration stream for a pulse/water chase time of 
10/15 h . 
Region of 
Lateral Shoot 
% of Radioactivity in Thin-Layer Zones 
Laminae 
Petioles 
Podwalls 
Seedcoats 
Embryos 
Small Pods/ 
Flowers of 
2° Laterals 
DZ 
1. 7 
2.2 
1. 6 
0.6a 
1. 9a 
2.9 
Ade DZR 
1. 0 8.1 
0 . 8a 3 . 2 
nd 5.3 
0.9a 6.1 
2 . 8a 3.9 
nd 10.1 
a 3 k · h d' not a H pea compared wit a Jacent zones 
Ado DLA ZG 
0.6a 1.2 32. Sb 
0.7a 1. 3 19.5 
0.3a 1.2a 8 . 9 
2.0 1. 9a 7.0 
2 . 4a 7.la 6.lb 
nd 1. 9a 13.7 
AMP DZMP 
0 . 6 0.4a 
nd 2 . 4a 
nd 8 . 7 
nd 4. 0 
nd 3.5a 
nd 8.4 
b further identified as OGDZ by ~-glucosidase hydrolysis and TLC (layer El, solvent H) . 
Table 4.11. Distribution of Radioactivity between 
Different Parts of Blue Lupin Stems. The stems were 
girdled as described in Section 4.2.5 and supplied with 
[3HJZR (2 µM) via the transpiration stream for 1.5 h 
followed by a water-chase of 3.5 h. All the node regions 
from the main stem were combined, as were the internode 
regions. The same applies to the lateral internodes. 
Region of Stem 
Main Stem 
Node/bark 
Node/xylem+pith 
Internode/bark 
Internode/xylem+pith 
Lateral Stem 
Internode/bark 
Internode/xylem+pith 
MFW-Soluble 3H 
DPM mg-l % of Totala 
(fresh wt) 
345.2 11. 4 
llOO. 7 88.6 
432.4 11. 7 
1011.8 88.3 
189.7 24.1 
340.1 75.9 
Bound 3H 
DPM mg-l 
(fresh wt) 
24.0 
989.4 
45.9 
963.4 
24.0 
237.2 
a total radioactivity detected in node or internode. 
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Table 4.12. Distribution of Radioactivity between 
Different Parts of Blue Lupin Stems. 
girdled as described in Section 4.2.5 
[ 3H]DZR (2 µM) via the transpiration 
followed by a water-chase of 3.5 h. 
Region of Stem 
Main Stem 
Bark 
Xylem+Pith 
Lateral Stem 
Bark 
Xylem+Pith 
MFW-Soluble 3 tt 
DPM mg-l % of Totala 
(fresh wt) 
224.3 15.1 
710. 0 84.9 
58.7 18.9 
153.5 81.1 
a total radioactivity detected in stem. 
The stems were 
and supplied with 
stream for 1.5 
Bound 3 tt 
DPM mg-l 
(fresh wt) 
23.6 
170.5 
8.6 
35 . 2 
h 
160 
<.D 
Table 4.13. Distribution of Radioactivity over Thin-Layer Chromatograms (2D System C) of 
Extracts from Internodes of Blue Lupin Stems. The stems were supplied with [3HJZR or [ 3HJDZR 
via the translocation stream for 1.5 h followed by a water-chase of 3.5 h . 
Region of Stem and 
Compound Supplied 
Main Stem, ZR 
Bark 
Xylem+Pith 
Main Stem, DZR 
Bark 
Xylem+Pith 
Lateral Stem, ZR 
Bark 
Xylem+Pith 
DZ 
12.9 
6.0 
24.8 
16.2 
8.5 
2.4 
z Ade 
1. 5 1.2 
0.5 1. 3 
nd nd 
nd nd 
nd 0.7 
0.9 1.1 
% of Total DPM in Thin-Layer Zones 
DZR ZR Ado ZG AMP DZMPa ZMPa X-NT 
7.5 1. 0 6.8 1. 7b 4.3 6.5 0.8 9.6 
6.3 4.3 8.6 0.9b 8.5 11. 8 3.5 2.1 
10.4 nd 0.lb 3.0c 0.lb 4.2 nd nd 
12.2 nd nd 2.2c 2.2 8.4 nd nd 
9.0 1. 0 5.6 2.4 5.6 8.3d 11. 5 
9.0 2.8 6.5 1. 6 7.1 12.ld 4.5 
(',J 
<.D 
Table 4.13 (c ontinued) 
a mixture of ZMP and DZMP was eluted after the 2D-TLC, hydrolyze d by phosphata se and the 
resultant ZR/DZR mixture was then separated by furthe r TLC (layer El, solvent H) 
b not a 3H peak compared with adjacent zones 
c identified only as OGDZ by ~-glucosidase hydrolysis and further TLC (layer El , 
solvent H) 
d ZMP/DZMP mixture. 
"" \.D 
Table 4.14. Distribution of Radioactivity over Thin-Layer Chromatograms of Extracts from Internodes 
of Blue Lupin Stems. The stems were supplied with [3HJZR or [3HJDZR via the translocation stream for 
30 min followed by a water-chase of 10 min. The complete extracts were subject to 2D-TLC System D to 
determine bases, ribosides and glucosides. To determine nucleotides, the extracts were partitioned 
between butanol and water and the aqueous phase was subjected to TLC (layer B, solvent K) and 
phosphatase hydrolysis followed by TLC (layer El, solvent H). 
a -1 Region of Stem DPM mg % of Total DPM in Thin-Layer Zones 
and Compound 
Supplied 
[ 3H]ZR 
Bark 
Xylem+Pith 
[3HJDZR 
Bark 
Xylem+Pith 
(fresh wt DZ 
tissue) 
15.6 4.5 
1268 4 0.7 
20.2 9.1 
838.3 8.6 
a 
extracted with MFW 
z Ade DZR 
4.8 1. 7 11. 9 
1. 4 0.3 6.8 
nd 1. 2 19.9 
nd nd 34.2 
b not a 3tt peak compared with adjacent zones. 
ZR Ado ZG X/Xd AMP DZMP 
12.0 1.2 nd 8.6 2.2b 9.6 
24.6 0.4 0.1 0.4 2.6b 3.5 
nd 1.2b nd 10.1 ND ND 
nd nd 0.1 0.3 8.4 15.5 
ZMP 
9.6 
15.4 
ND 
nd 
X-NT/ 
Xd-NT 
nd 
nd 
ND 
nd 
.s 
<.D 
Table 4 .1 5. Distribution of Radioactivity over Thin-Layer Chromatograms of Extracts from Excised 
Bark and Xylem plus Pith of Blue Lupin Stems. The tissues were incubated with [ 3HJZR or [ 3HJDZR (2 
µ.M) for 2.5 h. To determine cytokinin metabolites, the same methods mentioned in Table 4.14 were 
used. 
. a -1 Region of Stem DPM mg 
and Compound 
Supplied 
(fresh wt DZ 
tissue) 
[ 3HJZR 
Bark 547.2 6.7 
Xylem+Pith 206.5 0.7 
[ 3HJDZR 
Bark 657.9 17.6 
Xylem+Pith 233.8 2.9 
a extracted with MFW 
z Ade 
7.7 2.8 
1. 5 nd 
nd nd 
nd nd 
% of Total DPM in Thin-Layer Zones 
DZR ZR Ado ZG X/Xd AMP 
9.2 15.2 3.2 nd 15.9 2.4b 
7.0 39.9 1. 5 nd 0.9 2.4b 
23.7 nd nd nd 16.6 0.9b 
52.9 nd nd nd 0.7 0.7b 
b 3 ct · h ct ' not a H peak compare wit a Jacent zones. 
DZMP ZMP 
7.6 7.9 
9.9 14. 3 
11. 4 nd 
24.3 nd 
X-NT/ 
Xd-NT 
4.4 
2.1 
7.2 
1. 3 
Figure 4.1. Scheme for purifying and isolating cytokinins in 
yellow lupin xylem exudate for RIA 
XYLEM EXUDATE 
I +[3HJDZ/DZR 
cellulose phosphate column 
acidic fraction 
(nucleotides) 
alkaline phosphatase 
hydrolysis 
I 
basic fraction 
(bases/ribosides/glucosides) 
I 
paraffin/silica gel column 
~
water wash eluate 
(discard) ~ 
TLC (A/A)a 
~tion i\P\ Zr r::H] ZR ZG 
aqueous n-BuOH Baker c18 column (discard) (nucleotide- / / I / 
derived bases) 
I 
HPLC(E)b HPLC(D)b ~-glucosidase 
. . / I A ~ hydrolysis 
pun.fled as [ "" 
ribosides iP iPA z DZ ZR DZR +[ 3HJDZ / 
n-BuOH 
partition ~ DZR iP~ZR RIA aque~uOH 
RIA 
a layer/solvent 
b HPLC system. 
(discard) / 
purified as 
bases/ribosides 
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Figure 4.2. Scheme for purifying and isolating cytokinins in 
the developing blue lupin and soybean s eeds for RIA 
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Figure 4.3. The distribution of radioactivity over thin-layer chromatograms 
(layer F) of NaI04 /CHA hydrolysate of Xd-NT extracted and patially purified from 
excised blue lupin bark tissues. The tissues were incubated in [ 3H]DZR solution 
(30 µ.Min water) in light for 2 h. (a), developing solvent was A; and (b), 
developing solvent was F. 
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Figure 4 . 4. The distribution of radioactivity over thin-layer chromatograms 
(layer F) of phosphatase hydrolysate of Xd-NT extracted and patially purified 
from excised blue lupin bark tissues. The tissues were incubated in [3HJDZR 
solution (30 µMin water) in light for 2 h. 
(b), developing solve nt was F. 
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Figure 4.5. The distribution of radioactivity over thin-layer chromatogram 
(layer F, solvent A) of the leaf 
explant was supplied with [ 3H)Xd 
followed by a 3-h water-chase . 
extract from a small blue lupin explant . The 
(2 µM) via the transpiration stream for 2 h 
The [3HJXd was obtained by hydrolying [3HJXd-NT 
with phosphatase and purifying the product with TLC (layer F, solvent F then 
layer F, solvent A) . 
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Figure 4.6. The distribution of radioactivity over thin-layer chromatogram 
(layer F, solvent A) of esterase hydrolysate of [3H]Xd obtained as mentioned in 
Figure 4.5. The purified [ 3H)Xd was incubated with esterase (Sigma Chemical 
Co., EC 3 . 1.1.1, from porcine liver) in 25 rnM Tris-HCl buffer (pH 7.5) for 3 h 
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CHAPTER FIVE 
THE METABOLISM OF 
6-BENZYLAMINOPURINE 
IN SOYBEAN LEAVES 
AND THE INHIBITION OF 
- ITS CONJUGATION 
1 71 
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5.1 INTRODUCTION 
Repeated application of BA and NAA to intact soybean plants is 
known to delay leaf senescence markedly, and even when pods are dry, 
the leaves of such treated plants may still be green (Nooden et al. 
1979) However, repeated applications of BA or NAA alone were much 
less effective and a single application of BA was even less effective 
(Lindoo and Nooden 1978, Dybing and Lay 1981a, 1981b). In retarding 
senescence of soybean leaves on pod-bearing stem explants, BA, DZ and 
DZR were the three most effective compounds in a group of tested 
cytokinins (Garrison et al. 1984) . BA was also more effective than Z 
in delaying the senescence of discs excised from primary leaves of 
soybean (Yu and Kao 1981). 
Retardation or prevention of soybean leaf senescence is of basic 
physiological interest and could provide insight into the correlative 
controls which govern the terminal phase of plant development. It is 
also of potential agronomic significance for two reasons. Firstly, 
leaf senescence in soybean normally commences before seed development 
is completed and hence retardation of senescence could influence seed 
composition and/or yield. Secondly, after seed harvest, the green 
foliage with a nitrogen content similar to that of presenescent leaves 
(Nooden et al. 1979, Nooden 1980), could be ploughed in, returning 
significant amounts of nitrogen to the soil or be used as fodder. 
Because of this, it may be important to find cytokinins which are more 
effective than BA and which retard soybean leaf senescence markedly 
with only one or two applications . The design of such compounds would 
be facilitated by a study of the metabolism of BA in soybean leaves. 
Such a study is the subject of this chapter. The principal metabolite 
has been identified and since it appeared to be an inactivated form of 
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BA, the inhibition of its formation has been studied. 
5.2 MATERIALS AND METHODS 
5.2.1 Chemicals 
Gibberellic acid (GA3 ), NAA and 2,4-dichlorophenoxylacetic acid 
(2,4-D) were purchased from Sigma Chemical Co .. [3H]BA (20 mCi mmol 
1 ) was synthesized previously (Wilson et al. 1974). N-Benzyl-N'-
phenylurea was the gift of Dr J.A. Zwar (CSIRO, Canberra) while 5,7-
dichloroindoleacetic acid (5,7-dichloro-IAA) was provided by Dr G.F. 
Katekar (CSIRO, Canberra). The group of substituted xanthines (Figure 
5.10) and 7-benzylaminooxazolo[5,4-d]pyrimidine (BOP) were synthesized 
by Drs C.H. Hocart and D.S. Letham (unpublished). 
5.2.2 BA Metabolism during Leaf Maturation 
Soybean [Glycine max (L.) Merr., cv. Bragg] seedlings were 
inoculated with "Nodulaid" Group H (Agri. Lab, NSW, Australia) and 
grown in pots containing potting soil mixture in a heated glass house 
(26°c) during winter. Plants at different stages of development, 
namely, mid podfill,late podfill and early leaf-yellowing, were moved 
into a growth cabinet (10 h daylight, 
night) 24 h before treatment. 
-2 -1 o o 300 µEm s , 28 C day, 22 C 
On each of the selected uniform leaflets at the middle of the 
plants, a lanolin ring (diameter 27 mm) was made avoiding the midrib. 
[3H]BA solution (50 µl, 50 µMin 0.05 % Tween 80) was spread within the 
ring and allowed to dry. The area was then rewetted with 25 µl of 
distilled water to facilitate [3H]BA uptake. After 24 and 48 h, the 
treated areas were excised, weighed, dropped into MFW (30 ml g-l of 
tissue) chilled to -20°c and extracted as described in Section 2.1. 
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5.2.3 Droplet Counter Current Chromatography 
For droplet counter current chromatography (DCCC), a Buchi 670 
chromatograph (294 columns each of diameter 2.2 mm and volume 1.52 ml) 
was used at a flow rate of 20 ml h-l and fractions of 1.7 ml were 
collected. .The upper and lower phases of the mixture of ethyl 
acetate-chloroform-methanol-water-acetic acid (20:70:70:56:1) were 
used as solvents, the lower serving as stationary phase. 
5.2.4 Purification of Metabolite M 
For the isolation of M (the principal metabolite of BA, see 
Results) for mass spectral studies, BA was supplied to derooted 
soybean seedlings (cv. Anoka) which had primary leaves and partly 
expanded first trifoliate leaves, and also to fully expanded leaves 
excised from plants ·(cv. Bragg) just before flowering. The sterns of 
the former and petioles of the latter were placed in an aqueous 
solution of BA (150 µM). After 2-3 days under continuous weak 
fluorescent light (4 µE -2 -1 m s ) , the leaf blades were extracted and 
3tt-labelled M (purified by TLC, see below) was added to the extract 
which was evaporated. The residue was suspended in water (2 ml g-l of 
tissue) and the resulting solution was clarified by centrifugation. 
The extracted aqueous solution was then purified following the steps 
shown shematically in Figure 5.1. The eluate from HPLC System B was 
used for UV spectra, DCI mass spectra and for derivatization. For 
determination of the discharge ionization-secondary ion (DISI) mass 
spectra, M obtained by HPLC was further purified by being 
chromatographed on a TLC plate (layer G) which had been washed twice 
by allowing 80% acetonitrile to run to the top of the layer. The 
developing solvent was D and the chromatographed M (Rf 0.54) was 
eluted by stirring with 80% acetonitrile (50 µl). 
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(3H]M to serve as a chromatographic marker (see above) and for 
some chromatographic comparisons was purified by the following method. 
Crude extracts of soybean blades which had been supplied with [3H]BA 
as above were subjected to TLC (layer A, solvent A). The eluate of 
the radioactive zone just below BA9G was rechromatographed (layer A, 
solvent F). The principal radioactive zone (Rf 0.44) was eluted to 
yield [3HJM. DCCC indicated only one minor radioactive impurity. 
5.2.5 Derivatization Methods 
Metabolite M (10 µg) was dissolved in 150 µl of an aqueous solution 
of tetrabutylammonium hydrogen sulfate and sodium carbonate (20 and 25 
-1 
mg ml , respectively; pH adjusted to 11.5 with NaOH). Chloroform 
(150 µl), followed by pentafluorobenzyl bromide (13 µl), were then 
added and the biphasic system was stirred vigorously for 4.5 h. The 
aqueous phase was discarded, while the chloroform phase was shaken 
with four 150 µ1-volumes of water and then evaporated in vacuo. The 
residue was subjected to TLC using layer B (previously washed with 
ethyl acetate) and solvent E. The M derivative of Rf 0.78, a di-
pentafluorobenzyl (pfBz) derivative, was eluted with redistilled ethyl 
acetate (50 µl), while that of Rf 0.40 (mono-pfBz derivative) (5 µg) 
was heated at 70°c for 16 h with a mixture of anhydrous ethanol 
(50µ1), diethoxypropane (10 µl) and cone. hydrochloric acid (4 µl), 
yielding, by transesterification, an N-pfBz ethyl ester. Heating at 
90°c with anhydrous n-butanol (75 µl), dimethoxypropane (10 µl) and 
cone. hydrochloric acid (4 µl) yielded the corresponding n-butyl 
ester. Both esters were purified by TLC (layer B, solvent E). 
For permethylation, potassium t-butoxide (30 mg) was first heated 
at 70°c with dry dimethylsulphoxide (DMSO, 1 ml) under anhydrous 
conditions for 30 min. The resulting solution (50 µl) was added to 
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the dried sample, followed by purified methyl iodide (10 µl). After 
30 min, water (100 µl) was added and the mixture was then extracted 
with chloroform (three 100-µl volumes). The combined extracts were 
washed with water (100 µl) and evaporated for mass spectrometry. The 
above procedure was based on the methods of Eagles et al. (1974). 
5.2.6 Determination of Mass Spectra 
The general methods for obtaining EI and CI spectra are described 
in Section 2.8. For determination of DCI spectra, the sample was 
applied to a rhenium wire mounted at the end of the direct inlet probe 
which was inserted into the plasma of the CI source. The wire was 
heated at the rate of 50 mA -1 s and spectra were recorded in the 
positive ion (PI) or pulsed positive ion-negative ion (PPINI) mode. 
For determination of DISI mass spectra the sample was applied to 
glycerol on a copper tip at the end of a direct insertion probe and 
was bombarded with argon atoms (5 kV) and the source temperature was 
120°c. 
5.2.7 Inhibition of 9Ala-BA Formation 
Intact Plant Experiment. [3HJBA solution (10 µl, 50 µMin 0.05 % 
Tween 80) containing either 2,4-D, 5,7-dichloro-IAA or N-benzyl-N'-
penylurea (0.25 mM) was spread within a lanolin ring (diameter 14 mm) 
on leaf blades of soybean plants (cv. Bragg, at middle podfill stage). 
An adjacent area received [3HJBA solution only to serve as control. 
When the above solutions had dried on the leaf surface, distilled 
water (5 µl) was spread within the rings. The treated areas were 
excised after 24 hand were then washed with unlabelled BA solution 
(15 µM), blotted with tissue paper and extracted as above. Aliquots 
' ' f 3 tt were taken for determination o and for 2D-TLC (layer A, solvent A 
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followed by F). 
Excised Leaf Disc Experiment. Leaf discs (diameter 6.5 mm) were 
excised from Anoka soybean plants at mid-podfill. They were each 
placed abaxially on 10 ul of a 0.05% Tween 80 solution containing 
[3H]BA (7 .5 µM) and a compound to be tested (the tested compounds and 
concentration used are given in Table 5.4). Plastic petri dishes 
(diameter 9 cm) each containing about 12 discs were kept under weak 
-2 -1 o fluorescent light (4 µEm s ) at 23 C for 65 h. The leaf discs were 
then washed sequentially with 0.05% Tween 80, 40 µMBA in 0.05% Tween 
80 solution, and distilled water. They were then blotted with tissue 
paper and extracted. Aliquots were taken for determination of 3H and 
for TLC. 
5.3 RESULTS 
5.3 . 1 Metabolism of BA in Leaves of Differing Maturity 
3H-labelled BA was applied to soybean leaves at three stages of 
plant development, namely, mid podfill, late podfill and early leaf 
yellowing. The leaf extracts prepared after 24 and 48 h were 
subjected to TLC (layer A, solvent A) with the following 
cochromatographed markers: BA, BAR, BAMP, BA9G, Ade and Ado. For 
extracts of all three types of leaves, the distributions of 
radioactivity over the chromatograms were similar and each showed two 
pronounced peaks (Figure 5.2). One was coincident with the BA marker, 
and elution followed by further TLC (layer A, solvent F) confirmed 
that this peak was in fact largely due to BA. The second prominent 
peak occurred in a zone just below cochromatographed BA9G. The 
metabolite responsible for this radioactivity peak was termed M. 
The distribution of 3H in the TLC fractions of the various 
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extracts are compared in Table 5.1. After application to soybean 
leaves, a considerable proportion of the supplied BA was converted to 
M, and this metabolite accounted for 23-33 % of the extracted 3H at 24 
h, while 33 - 39 % appeared to be due to unmetabolized BA at this time. 
In contrast, the radioactivity in the other marker zones was low 
(Table 5.1) and BAMP, Ado, Ade and BAR did not make appreciable 
contributions to the extracted radioactivity either at 24 or 48 h. A 
small proportion of the extracted 3H cochromatographed with BA9G, 
especially in extracts from leaves at mid-podfill (24 hand 48 h) and 
early leaf yellowing (48 h). However, elution of this radioactivity 
and further TLC showed that it was largely due to metabolites other 
than BA9G. An interesting feature of the results shown in Table 5.1 
is the very small decline in the level of free BA between 24 and 48 h. 
Active metabolism of- BA appears to be confined largely to the first 24 
h after BA application in the present experiment. 
When [3H]BA was supplied to the blades of first trifoliate and 
primary leaves of young soybean plants through the transpiration 
stream by placing the cut stems of derooted seedlings in a 100 µM 
solution, the pattern of metabolites described above was observed 
again after TLC. This pattern was also obtained when the petioles of 
leaves excised at late podfill were placed in [3HJBA solution and the 
blade extracts subjected to TLC. Hence, formation of M appears to 
occur in both young and mature leaves and regardless of whether BA is 
supplied via the xylem or by external application to the leaf blades. 
5.3.2 The Purification and Identification of Metabolite M 
By a purification scheme (Figure 5.1), M was isolated from the 
leaves of young soybean plants (M-1) and also from the leaves of 
plants just prior to flowering (M-2). M-1 and M-2 appeared to be 
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identical. M-1 and M-2 exhibited identical Rf values during TLC, and 
when the chromatogram was sprayed with a solution of ninhydrin and 
heated to 95°c, both yielded a purple spot. In the DCI-PI (NH
3 
gas) 
mass spectrum of underivatized M-1 and M-2, a molecular ion was not 
clearly evident, but prominent ions were present at m/z 269 (4 % 
relative intensity), 226 (100%) and 136 (81 %). The ions of m/z 226 
and 136 indicated that the metabolites contained an intact BA moiety. 
M-1 was permethylated and the principal product could be purified by 
TLC, but the yield appeared low. The DCI-PI (NH
3 
gas) mass spectrum 
of this derivative exhibited a probable weak MH+ ion at 369, an 
intense ion at m/z 254 (base peak) and a prominent ion at 240 (14%). 
The above observations suggested that M-1 could be the 9-alanine 
conjugate of BA (9Ala-BA, I in Figure 5.3), a metabolite of BA 
previously identified in Phaseolus vulgaris leaves (Letham et al. 
1979) and soybean callus tissue (Elliott and Thompson 1982/1983). The 
ion of m/z 269 in the DCI of the underivatized compound mass spectrum 
could be attributed to loss of co2 from the protonated molecular ion 
(MH+) of 9Ala-BA (mol wt 312). Attempts to derivatize M-1 with N,N-
dimethylformamide dimethyl acetal, which simultaneously derivatizes 
both the amino and carboxyl groups of amino acids (Thenot and Horning 
1972), were unsuccessful. 
To provide more rigorous structural information, M-2 was examined 
by procedures different to those employed with M-1. The DISI mass 
spectrum (Figure 5.4) exhibited a clear peak at 313 attributable to 
MH+; the ions at m/z 277 and 369 are due to glycerol (trimer and 
tetramer, respectively) which was used as the sample matrix. M-2 was 
derivatized with pentafluorobenzyl bromide by an extractive alkylation 
procedure with tetrabutylammonium hydrogen sulphate as an ion-pairing 
reagent. This yielded two derivatives separable by TLC (layer B, 
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solvent E). The derivative of higher Rf (0.78) exhibited the DCI-
PPINI (CH 4 gas) mass spectrum shown in Figure 5.5, while the other (Rf 
0.40) gave the following DCI-PPINI spectrum (relative intensities are 
in parentheses): positive ion m/z 136 (100 %), 182 (85), 198 (22), 226 
(8), 313 (42), 341 (22), 493 (16); negative ion m/z 134 (5 %), 181 
(15), 224 (12), 311 (100) . The former derivative was concluded to be 
a di-pfBz derivative (MH+ 673) and successive losses of pfBz moieties 
with addition of H would yield the ions of m/z 493 and 313 in the 
positive ion spectrum and 491 and 311 in the negative ion spectrum 
(Figure 5.5). The derivative of Rf 0.40 was concluded to be a mono-
pfBz derivative of M-2 (MH+ 493). The DISI and the DCI-PPINI spectra 
in conjunction provided unequivocal evidence that the mol wt of M-2 
was 312. Although the molecular ion was not evident in the negative 
ion spectra, the sensitivity of the negative ion spectrum for 
detecting other high mass ions (i.e. ions formed by loss of pfBz), was 
usually about 30 times that of the positive ion DCI mass spectrum. 
Hence, negative ion CI mass spectrometry may be particularly useful 
for quantifying pfBz derivatives of compounds such as M-2. 
Since the metabolites reacted with ninhydrin, possessed a mol wt 
of 312, and contained an intact BA moiety, they were probably 9Ala-BA. 
Accordingly, M-2 and synthetic 9Ala-BA (DL-form) were compared 
critically. Like M-2, 9Ala-BA yielded mono- and di-pfBz derivatives 
(II and III, respectively in Figure 5.3). The two derivatives of 
9Ala-BA could not be distinguished from those of M-2 by TLC (layer B, 
solvent E) or by DCI-PPINI spectra. The di-pfBz derivatives of M-2 
and 9Ala-BA exhibited identical EI mass spectra (Figure 5.6). These 
spectra showed an intense ion at m/z 238 which would not be given by 
an a-alanine conjugate of BA and were therefore consistent with a P-
alanine structure for M-2. Both spectra exhibited a prominent ion at 
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m/z 447, attributable to loss of a ·coopfBz radical, and an analogous 
cleavage is evident in the EI mass spectra of the N-pfBz ethyl and n-
butyl esters of 9Ala-BA (see below). 
9Ala-BA and M-2 cochromatographed during TLC in the following 
systems: layer A, solvents A (Rf o.17) and F (Rf 0.44); layer a, 
solvent C (Rf 0.34) and G (Rf 0.58); layer C, solvent A; layer E2, 
solvent B (Rf 0.28). Both compounds exhibited the same retention 
times during HPLC in systems A and C (13.3 and 6.8 min respectively). 
Furthermore, when [3H]M prepared for use as a chromatographic marker 
(see Section 5.2.4) was mixed with authentic 9Ala-BA and subjected to 
DCCC (Figure 5.7) and HPLC (Figure 5.8), radioactivity and UV 
absorbance were coincident. 
The di-pfBz derivative of 9Ala-BA was converted to ethyl (IV in 
Figure 5.3) and n-butyl (V in Figure 5.3) esters by 
transesterification. The esters exhibited the following EI mass 
spectra (relative intensities in parentheses): ethyl ester, m/z 520 
(M+, 3), 447 (20), 339 (6), 325 (31), 266 (7), 253 (23), 239 (17), 238 
(23), 226 (47), 225 (51), 224 (27), 181 (100), 106 (98); n-butyl 
+ ester, m/z 548 (M ,2), 447 (26), 367 (6), 353 (23), 311 (9), 266 (5), 
253 (28), 239 (20), 238 (24), 226 (54), 225 (43), 224 (27), 181 (65), 
106 (100). These esters cochromatographed with the corresponding 
esters derived from the di-pfBz derivative of M-2. Finally, 9Ala-BA 
and M-1 and M-2 exhibited identical UV spectra (Amax 270 nm) in 50 % 
methanol containing acetic acid (0.2 N) (Figure 5.9). A summation of 
the above evidence establishes that Mis the 9-alanine conjugate of BA 
(I in Figure 5.3), i.e. P-(6-benzylaminopurin-9-yl)alanine. 
5.3.3 Inhibition of Formation of 9Ala-BA by Auxins and GA
3 
When applied to soybean leaves, BA was found to retard senescence 
i 
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markedly. However, 9Ala-BA exhibited only very slight senescence-
retarding activity and therefore appeared to be an inactivated form of 
BA in soybean leaves (see Section 6.3.1). Hence suppression of 9Ala-
BA formation might enhance the senescence retarding activity of BA. 
It was therefore relevant to determine whether compounds known to 
inhibit purified P-(9-cytokinin)alanine synthase (Parker et al. 1986), 
the enzyme responsible for formation of alanine conjugates of 
cytokinins (Entsch et al. 1983), would also suppress conversion of BA 
to 9Ala-BA in soybean leaves. Three potent inhibitors of the enzyme, 
namely, 2,4-D, 5,7-dichloro-IAA and N-benzyl-N'-phenylurea, were first 
tested with intact leaves. The two auxins both suppressed 9Ala-BA 
formation markedly (Table 5.2) and 2,4-D also elevated the level of 
free BA appreciably. Inhibition of 9Ala-BA formation was accompanied 
by a greater degree of metabolism to Ade and Ado, especially when 2,4-
D was supplied. However, although N-benzyl-N'-phenylurea inhibited 
the purified enzyme, it had no effect on 9Ala-BA formation in intact 
soybean leaves (Table 5.2). With excised leaf discs taken from plants 
at mid podfill, 2,4-D again strongly inhibited 9Ala-BA formation and 
also elevated the level of free BA, but NAA and GA3 were essentially 
inactive (Table 5.3). However, 2,4-D induced slight yellowing of the 
leaf discs even at 25 µM. This effect was not evident when 2,4-D was 
applied to the intact leaves. Discs excised from the primary leaves of 
14-day-old soybean seedlings metabolized BA to 9Ala-BA more actively 
than discs from mature plants. 
5.3.4 Inhibition of Formation of 9Ala-BA by Substituted Xanthines and 
a BA Analogue 
Certain substituted xanthines are known to inhibit conversion of 
cytokinins to 7- and 9-glucosides in radish cotyledons (Hocart 1985), 
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while the BA analogue , 7-benzylaminooxazolo[S,4-d]pyrimidine (BOP), 
· is an effective inhibitor of the conversion of BA to BA9G in maize 
leaf segments (Hocart 1985) . Some xanthines also appear to inhibit 
forms of cytokinin metabolism other than N-glucosylation. 
Accordingly, BOP and a selection of substituted xanthines were tested 
BOP 
for their ability to suppress conversion of BA to 9Ala-BA in soybean 
leaf discs. The structures of the compounds tested are presented in 
Figure 5.10. 
All the compounds tested had an inhibitory effect on 9Ala-BA 
formation, at least at 1.0 mM, in the soybean leaf disc system (Table 
5.4). At 0.2 mM, Xl evoked a marked effect and was the most active 
inhibitor amoung the tested compounds. The next most effective was X7 
which was more active than the isomeric compound X6 and the benzyl 
analogue XS. BOP at 1 mM markedly elevated the level of free BA while 
reducing alanine conjugation considerably. 
5.3.5 Effect of GA3 and NAA on Metabolism of ZR 
GA3 and NAA have been reported to retard soybean leaf senescence 
(Dybing and Yarrow 1984, Hsia and Kao 1978b, Jams et al. 1965, Nood~n 
1980). Therefore, it is appropriate to assess their influence on the 
metabolism of natural cytokinins in soybean leaves. Hence, excised 
mature Anoka soybean leaf discs were incubated with 7.5 µM [ 3HJZR 
3 
alone (control), or [ H]ZR combined with either 100 µM GA3 or with 
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50 µM NAA (conditions were the same as described in Section 5.2.7). 
The distribution of 3H in different metabolite zones on 2D-TLC 
chromatograms (layer A, solvent A followed by F) is presented in Table 
5.5. After 65 h of incubation, only about 5 % of 3tt was detected in 
the ZR/DZR zone. The principal metabolites were Ade, Ado and 0-
glucosides. GA3 and NAA showed no effect on ZR metabolism in this 
system (Table 5.5). 
5.4 DISCUSSION 
5 . 4.1 Metabolism of BA in Soybean Leaves and Identification of 
9Ala-BA 
In the present stud~, 9Ala-BA was identified as the principal 
metabolite of BA in soybean leaves. Rapid metabolism of BA to 9Ala-BA 
was confined largely to the first 24 h after application (Table 5.1). 
This may be associated with uptake of the supplied BA. The remaining 
BA may be on the leaf surface or in a subcellular compartment where it 
is stable. This metabolism, which occurs in soybean leaves of widely 
differing maturity, contrasts with that found for ZR (Table 5.5, 
Nooden and Letham 1986); this natural cytokinin was rapidly 
metabolized in soybean leaves to a diversity of compounds, but 
principally to Ade, Ado and 0-glucosyl metabolites. The alanine 
conjugate of z, LA, was a very minor metabolite, if present at all 
(Nooden and Letham 1986) Conversion of BA to Ade and Ado was 
prominent when formation of 9Ala-BA was inhibited by auxin (Table 
5.2), suggesting that alanine conjugation 6 and N -benzyl cleavage are 
alternative mechanisms for BA inactivation in soybean leaves. 
9Ala-BA was purified from soybean leaves by a sequence of steps, 
one of which was DCCC. This appears to be the first reported use of 
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this technique in cytokinin metabolite purification. This relatively 
new technique has the advantages of quantitative recovery and ready 
assessment of metabolite purity from the ratio of radioactivity to UV 
absorbance in DCCC fractions. 
One of the two previous identifications of 9Ala-BA as a metabolite 
of BA was based principally on cocrystallization to constant specific 
activity and cochromatography involving derivatives of 9Ala-BA (Letham 
et al. 1979); the other relied mainly on nuclear magnetic resonance 
(NMR) spectrum (Elliott and Thompson 1982/1983). In the present 
study, 9Ala-BA was identified principally by use of mass spectrometric 
methods in a complementary manner. The molecular ion of the 
underivatized compound was detected only in the DISI mass spectrum, 
and hence this technique involving "soft ionization" may be useful for 
characterization of other cytokinin-alanine conjugates. These 
compounds present derivatization problems and the pfBz derivative of 
9Ala-BA used in the present study appears to have clear advantages for 
direct-probe mass spectra over per-trimethylsilyl and permethyl 
derivatives and also other derivatives (e.g. N-perfluoroacylesters) 
commonly used for derivatization of amino acids. pfBz derivatives are 
formed by a single step derivatization reaction, are stable during TLC 
and HPLC and can be detected with high sensitivity by negative-ion CI 
mass spectrometry. The EI mass spectrum of the di-pfBz derivative of 
9Ala-BA (Figure 5.6) revealed a number of fragmentations which are 
diagnostic for this and related compounds. These are rationalized in 
Figure 5.11. The dominant feature of the EI mass spectrum is the 
cleavage of the derivatized amino acid moiety with hydrogen transfer 
to the purine moiety to yield an ion of m/z 225 . This is accounted 
for mechanistically in Figure 5.12 in which a six-membered transition 
state is proposed involving N-3 of the purine ring. Another 
.......... --
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fr agmentation involving hydrogen trans fer is t he f o r mation o f the ion 
m/z 477 and this can be accounted for by a McLaffe r t y- t ype 
rearrangement as shown in Figure 5.13 which als o a ssigns a s tructure 
to the ion of m/z 253. Formation of the ion of m/s 477 involves 
elimination of CH -CH=NH 6 5 as an uncharged molecule a nd charge 
retention on the enol moiety. Homolytic cleavage of the purine(N-9)-
methylene bond would yield a purinyl free radical and a c harged enol 
fragment stabilized by charge delocalization (see Figure 5 . 13). The 
ion · of m/z 266, which is suggested to arise by sequentia l l os s o f a 
pentafluorobenzyl radical and a BA molecule from the molecu lar ion, is 
assigned in the structure below. 
CH2 II 
C-COO· CH C F· I 2 6 s 
+NH 
m/z 266 
5.4.2 Inhibition of 9A1a-BA Formation in Soybean Leaves 
Three types of compounds are now known to inhibit conversion of 
cytokinins to 7- and 9-glucosides in plant tissues. The first to be 
found was a 9-methyl 2-substituted aminopurine (Letham et al. 1982). 
Because Letham and Tao found (unpublished) that l-methyl-3-
isobutylxanthine was an inhibitor of N-glucosylation of cytokinins in 
some plant tissues, Hocart (1985) synthesized a seri~s of substituted 
xanthines and found some of them to be very effective in inhibition of 
N-glucosylation of BA in radish cotyledons. Also in an attempt to 
prevent BA N-glucosylation, a novel compound in which the N-9 of BA 
was replaced by oxygen, namely 7-benzylaminooxazolo[S,4-d]pyrimidine 
(BOP) , was synthesized (Hocart 1985) . In maize (Hocart 1985) and oat 
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(S. Singh personal corrununication) leaf segments, BOP is a very active 
inhibitor of the conversion of BA to its principal metabolite, BA9G. 
While the above compounds were intended primarily as inhibitors of 
cytokinin N-glucosylation, it was 
observed that some compounds 
elevated the level of free BA without inhibiting glucoside formation 
appreciably. Hence they appeared to inhibit forms of BA metabolism 
other than N-glucosylation. Accordingly, some selected compounds 
(Figure 5.10) were tested for their activity to inhibit conversion of 
BA to 9Ala-BA in soybean leaves. Certain auxins known to act as 
competitive inhibitors of the purified synthase enzyme which forms 
alanine conjugates of cytokinins (Parker et al. 1986) were also tested 
for inhibitory activity. The inhibition of 9Ala-BA formation caused 
by 2,4-D, 5,7-dichloro-IAA, the substituted xanthines and BOP is 
relevant to attempts to enhance the effect of BA applied to soybean 
plants. 2,4-D was very effective in both intact leaves and excised 
leaf discs (Tables 5.2, 5.3). However, some toxic effect was observed 
with 2,4-D, even at 25 µM, and the leaf discs turned slightly yellow. 
e 
Xl was the most ef~ctive inhibitor among all the tested xanthines. No 
yellowing was caused by this compound with leaf discs. Xl is a 3-
substituted 1,7-dimethylxanthine and it is evident from Table 5.4 that 
small changes in the structure of the 3-substitutent markedly affect 
the inhibitory activity. This compound has also been tested in 
bioassays and was found to enhance the effect of BA in retarding 
soybean leaf senescence (see Section 6.3.2). 
Although BOP is closely releted to BA structurally, it did not 
retard soybean leaf senescence (see Section 6.3.2). However it was an 
effective inhibitor of 9Ala-BA formation and presumably binds to the 
synthase enzyme competing with BA. Similarly the xanthine Xl did not 
retard leaf senescence (see Section 6.3.2), and was even more 
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effective as an inhibitor of alanine conjugation. Hence the 
structural requirements for binding to the synthase enzyme are less 
rigid than those for binding and activity at the functional site 
associated with senescence retardation. At 0.2 mM, some compounds, 
namely X2, X6 and BOP, did not reduce the extent of alanine 
conjugation, but still elevated BA level (Table 5.4). Hence these 
compounds must also have some effect(s) on BA metabolism other than an 
inhibitory effect on N-glucosylation, because the extent of BAN-
glucosylation in soybean leaves is very low (Tables 5.1, 5.2). This 
is in accord with the result of Hocart (1985). 
In this study, 9Ala-BA, an inactivated form of BA, was identified 
as the principal metabolite of BA formed in soybean leaves. Hence, it 
is hypothesized that derivatives of BA with a substituent at N-9 which 
is slowly cleaved to yield free BA would be more effective than BA 
itself in retarding soybean leaf senescence. 
correct as is shown in the next Chapter. 
This proved to be 
The next Chapter also 
assesses the ability of inhibitors of 9Ala-BA formation, including 
2,4-D and Xl, to enhance the senescence-retarding activity of BA. 
er, 
CX) 
Table 5.1. Radioactivity Level and Its Distribution over Thin-Layer Chromatograms (layer A, 
solvent A) of Extracts from Soybean Leaf Regions Treated with ( 3HJBA (50 µM) 
Plant Stage and Extracted % of DPM in TLC Zones 
Time of Radioactivity 
Extraction after (dpm mg -1 BAMP M BA9G Ado BAR/Ade BA 
Application fresh wt) 
24 h 179.4 1. 8 26.0 4.3 0.5 3.5 32.7 Mid podfill 
48 h 216.8 1. 0 36.6 3.5 0.7 3.8 24.5 
24 h 257.8 1. 3 23.0 1. 5 0.8 3.5 39.1 Late podfill 
48 h 189.8 1. 4 28.3 1. 2 0.8 5.7 35.8 
Early leaf 24 h 292.2 2.0 33.4 1. 5 nd 1. 6 33.5 
yellowing 48 h 238.6 2.4 33.8 4.4 nd 2.0 26.5 
0 
O' 
Table 5.2. Effects of Some Compounds on [ 3HJBA Metabolism in Intact Soybean Leaves. Areas of 
leaves were treated with [ 3HJBA (50 µ.M) plus compound (0.25 mM) and adjacent areas were treated 
with [
3
HJBA only which served as controls. The leaf extracts were subjected to 2D-TLC (layer A, 
solvent A followed by solvent F). 
Compounds 
2,4-D 
Control 
5,7-Dichloro-IAA 
Control 
N-benzy_l-N' -phe nyl 
urea 
Control 
Extracted 
Radioactivity 
-1 (dpm mg fresh 
wt) 
216.8 
271. 3 
214.8 
188.0 
268.2 
240.4 
% of DPM Which Cochromatographed with Markers 
9Ala-BA 
8.9 
34.9 
16.7 
31. 3 
34.3 
35 .1 
BA9G 
3 .1 
2 .0 
1. 6 
nd 
1. 6 
nd 
Ado 
6.2 
2.2 
3.9 
2.1 
4.5 
3.0 
BAR 
2.8 
2.0 
2.8 
2.0 
2.7 
1. 7 
Ade 
6.0 
2.5 
4.9 
2.8 
3.6 
5.7 
BA 
17.3 
11. 7 
18.0 
16.1 
13. 8 
14.7 
~ 
Table 5.3. Effects of Some Growth Regulators on 9Ala-BA 
Formation in Soybean Leaf Discs Supplied with (3H)BA. 
3 
[ H}BA was supplied at 7.5 µM and leaf extracts were 
subjected to TLC (layer A, solvent A). 
Compound 
Control ( [ 3HJ BA only) 
GA3 (100 µM) 
NAA (50 µM) 
NAA (5 µM) 
2,4-D (100 µM) 
2,4-D (25 µM) 
Extracted 3H 
-1 (dpm disc ) 
907 
964 
892 
955 
711 
714 
% of DPM 
9Ala-BA BA 
43.1 16.3 
47.3 13.5 
43.5 12.1 
44.5 14.3 
12.9 33.8 
21. 4 22.5 
19 1 
Table 5.4. Effect of Substituted Xanthines and BOP 
on 9Ala-BA Formation in Soybean Leaf Discs Supplied 
with [ 3H)BA. [ 3HJBA was supplied at 7 .5 µM; leaf 
disc extracts were subjected to TLC (layer A, 
solvent A) . 
Compound and 
Concentration 
ca 
Xl 0.2 mM 
Xl 1. 0 mM 
X2 0.2 mM 
X2 1. 0 mM 
X3 0.2 mM 
X3 1. 0 mM 
X4 0.2 mM 
X4 1. 0 mM 
XS 0.2 mM 
XS 1. 0 mM 
X6 0.2 mM 
X7 0.2 mM 
BOP 0.2 mM 
BOP 1. 0 mM 
a [ 3HJBA only. 
Extracted 3H 
-1 (dpm disc ) 
867 
870 
673 
1051 
1045 
858 
953 
913 
755 
778 
726 
768 
912 
823 
703 
% of DPM 
9Ala-BA BA 
42.2 16.9 
27.9 34.4 
29.9 37.7 
42.8 23.6 
36.1 29.4 
36.1 23.0 
39.4 23.3 
44.8 18.9 
31. 8 24.1 
35.9 23.7 
34.7 25 .8 
39.8 24.8 
30.5 29.5 
42.6 22.5 
32.1 39.5 
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Table 5.5. Effect of GA3 and NAA 
supplied at 7.5 µM; and leaf disc 
followed by K) . 
Compound 
on [ 3HJZR 
extracts 
Metabolism in Soybean Leaf Discs. [ 3HJZR was 
were subjected to 2D-TLC (layer G, solvent A 
% of DPM in TLC Zones Extracted 
Radioactivity 
-1 (dpm disc ) AMP ZMP/DZMP ZG ZR/DZR Z/DZ Ado Ade 
Control 6440 0.9 1. 0 20.5 4.7 0.7 11. 6 9.6 ([ 3HJZR only) 
GA3 (100 µM) 6560 1. 6 1. 6 18.4 4.2 1.1 11. 0 9.3 
NAA (50 µM) 7095 1. 5 1. 8 16.4 5.8 1.1 11. 5 9.8 
Figure 5 . 1 . Purification and separation of M 
for identification 
I 
Et0Ac/H2o (1:1) partition (3X) 
aqueous phase 
cellulose phosphate column 
basic eluate 
TLC (layer A, solvent A) 
f 
HPLC (system A) 
DCCC 
HPLC (system B) 
eluate 
~ 
UV (derivatization) 
MS 
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Figure 5.2. The distribution of radioactivity over a thin- layer chromatogram 
(layer A) of extract from soybean leaf laminae to which [3HJBA had been applied. 
The layer was developed twice with solvent A. The positions of 
cochromatographed markers are denoted as follows: 1, BAMP; 2, BA9G; 3, Ado; 4, 
Ade; 5, BA. 
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Figure 5.3. Structural formulae of 9Ala-BA and its 
derivatives 
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Figure 5.4. The DISI mass spectrum of metabolite M-2. The intensities of ions 
are expressed as a percentage of the glycerol dimer peak at m/z 185. 
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Figure 5.5. The DCI-PPINI mass spectra of the di-pfBz derivative of metabolite 
M-2. A, positive ion spectrum; B, negative ion spectrum. It should be noted 
that the high mass ions in only A have been multiplied by 20. Apart from an ion 
at m/z 266 (10 %) in the negative ion spectrum, there were no ions of intensity 
above 2 % in the m/z ranges not plotted. However, a significant high mass ion 
occurred at m/z 521 (1 %) in the positive ion spectrum which was attributable to 
a c2tt 5 adduct of the mono-pfBz derivative (i.e. 492 + 29). 
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Figure 5.6. The EI mass spectra of the di-pfBz derivatives of metabolite M-2 
(A), and synthatic 9Ala-BA (B). In the m/z regions omitted, there were no peaks 
with an intensity greater than 1.3%. 
en 
en 
.-< 100 225 
50 
100 225 
50 
A 
238 
250 
,~ L 
8 
238 
253 
266 
I 
/ I 
250 
447 
J 
457 
..L l 
-r--r 
450 
447 
I, 
4r 
I I I I 
450 
mlz 
4 77 
~ .----,-~., 
500 650 
4 77 I 491 
.i I, / 
I I ' I I I I / 
500 650 
X10 
M+ 
i 
672 
690 
X10 
M+ 
i 
690 
Figure 5.7. Radioactivity distribution of [ 3HJM and UV absorbance of authentic 
9Ala-BA in DCCC fractions 
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Figure 5.8. Radioactivity distribution of ( 3HJM and UV asorbance of authentic 
9Ala-BA in HPLC (System A) fractions 
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Figure 5.9. UV spectrum of purified M (in 50% MeOH containing 0.2 N acetic 
acid) which is identical to that of authentic 9Ala-BA 
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Figure 5.10 . Formulae of the group of substituted 
xanthines which were tested for their ability to inhibit 
9Ala-BA formation in soybean leaves 
Compound R' R" 
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Figure 5.11. A rationalization of the fragmentation 
seen in the EI mass spectrum of di-fpBz BA 
Figure 5.12. The ion reaction which probably accounts for the formation of the 
ion of m/z 225. The scheme proposes a six-membered transition state involving 
N-3 of the purine ring. 
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Figure 5.13. The ion reactions which probably account for the formation of the 
ions of m/z 447 and 253. The initial fragmentation is attributed to a 
McLafferty-type rearrangement. 
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CHAPTER SIX 
ACTIVITY AND METABOLISM 
OF SOME 9-SUBSTITUTED 
BA DERIVATIVES IN 
SOYBEAN LEAVES 
207 
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6.1 INTRODUCTION 
In the previous chapter of this thesis, the metabolism of BA in 
soybean leaves was described. It was concluded that alanine 
conjugation at position 9 of BA was the dominant form of metabolism in 
these leaves. Minimization of this conjugation is of both 
physiological and agronomic interest since such conjugation may result 
in inactivation of BA. Some auxins known to be inhibitors of ~-(9-
cytokinin)alanine synthase (Parker et al. 1986) and some xanthine 
derivatives were found to be effective inhibitors of alanine-BA 
conjugation in soybean leaves (Section 5.3). 
9-substituted BA derivatives which slowly release free BA may 
possess enhanced senescence retarding activity in soybean because such 
compounds would not be directly subject to inactivation by alanine 
conjugation. Accordingly, we have now compared the activities of 
selected 9-substituted derviatives of BA using soybean leaf bioassay 
systems in which cytokinins induce chlorophyll retention. The 
metabolism of two highly effective BA derivatives was also studied in 
an attempt to rationalize their enhanced activity. Finally, two 
inhibitors of BA-alanine conjugation reported in Chapter 5 were tested 
for ability to enhance the senescence-retarding activity of BA. 
6.2 MATERIALS AND METHODS 
6.2.1 Chemicals 
6-Benzylamino-9-(2-tetrahydropyranyl)purine (9THP-BA) was 
purchased from Sigma, while [14CJBA (12.8 mCi mmol- 1 ) was obtained 
from Amersham. 9THP-BA was also synthesized as detailed below. 
[3HJ9Ala-BA was purified from soybean leaves which had been supplied 
209 
with (3HJBA (see Section 5.2.4). 
The following compounds were synthesized previously in this 
laboratory by procedures detailed in the cited references: ~-(6-
benzylaminopurin-9-yl)propionitrile (Letham et al. 1983), ethyl-3-(6-
benzyl-aminopurin-9-yl)propionate (Letham et al. 1983), 6-benzylamino-
9-(3-hydroxypropyl)purine (Parker et al. 1986), 9Ala-BA (Letham et al. 
1979), 6-benzylamino-9-(4-chlorobutyl)purine (Letham et al. 1978), 9-
(2-tetrahydropyranyl)adenine (9THP-Ade) (Nagasawa et al. 1966), 1,7-
dimethyl-3-(hex-5'-en-l-yl)xanthine (MHX) and BOP were kindly provided 
by Dr C.H. Hocart of this laboratory and the synthesis is detailed in 
his PhD thesis (Hocart 1985). 
The following compounds were synthesized by Dr D.S. Letham by 
methods which have not 
be nzylaminopurine riboside 
been reported 
5'-aldehyde, 
in the literature: 6-
2' ,3'-isopropylidene 6-
benzylaminopurine riboside, 10-(6-benzylaminopurin-9-yl)-decyl 
aldehyde, 6-benzylamino-9-(10,11-dihydroxyundecyl)purine. 
The remaining compounds were synthesized as detailed below. 
Synthesis of 9THP-BA. BA (6.9 g), dry dioxan (75 ml), 2,3-
dihydropyran (13.5 ml) and formic acid (7.5 ml) were refluxed together 
under anhydrous conditions for 6 h. TLC (layer A, solvent A, see 
below) indicated almost complete reaction. The mixture was evaporated 
to dryness in vacuo and a benzene solution (200 ml) of the residue was 
shaken with 2 % Na2co3 (five 300-ml volumes), dried with anhydrous 
Na2so4 , and then passed through an Al2o3 column (8 ml, Merck Al2o3 90, 
basic, activity I) to decolourize it. Crystallization from benzene-
petroleum ether yielded 9THP-BA (6.34 g). 
0 
m.p.: 115-117 C. 
UV spectrum (in EtOH): Amax (nm) 267.0 (E=19,185), 
270.0 (E=19,310); Amin (nm) 232.0 (E=2,440). 
210 
EI mass spectrum: see Table 6.1. 
Synthesis of 6-Benzylamino-9-(2-tetrahydrofuranyl)purine (9THF-
BA). BA (1.0 g), dry dioxane (5.0 ml), formic acid (0.5 ml), and 2,3-
dihydrofuran (1.0 ml) were refluxed under anhydrous conditions for 7 
h. The mixture was evaporated to dryness and dissolved in ethyl 
acetate (40 ml). The resulting solution was shaken with 2 % Na 2co3 
(five 60-ml volumes), then with water (four 40-ml volumes), dried with 
anhydrous Na 2so4 and finally evaporated. The residue was crystallized 
from petroleum ether ethyl acetate to yield 9THF-BA (0.65 g). 
UV spectrum (in EtOH): A.max(nm) 270.5 (E=l7,500), 
shoulder 266.5 (E=l7.360); A.min 232.5 (E=2.200). 
EI mass spectrum (m/z values and relative intensities 
+ in parentheses): 295 (M, 13), 267 (M - c2H4 , 1), 252 
(11), 22 5 (94), 224 (35), 209 (3), 198 (1.5), 197 
(2.5), 148 
(10 0 ) . 
(8), 121 (6), 120 (23), 119 (7), 106 
Synthesis of 6-benzylamino-9-(1-ethoxyethyl)purine. Method 1. 6-
chloro-9-(1-ethoxyethyl)purine (0. 2 9 g) which was synthesized 
according to McDonald et al. (1977), benzylamine (0.68 g, 5-fold 
excess) and n-propanol (1 ml) were refluxed for 3.5 h. After 
centrifugation, the reaction solution was evaporated (in vacuo at 
80°C) thoroughly to remove all benzylamine. The product was stirred 
with water containing sufficient acetic acid to maintain a pH of about 
5. An ethyl acetate solution (50 ml) of the insoluble fraction was 
decolourized with activated charcoal, extracted with 2 % Na 2co3 (three 
50-ml volumes) followed by water, and evaporated. The product was 
dried by addition and subsequent evaporation of a benzene-EtOH mixture 
and crystallized from benzene-petroleum ether (yield 0.25 g). 
UV spectrum (in EtOH): A.max (nm) 270.5 (e=l8,400), 
shoulder 266 (E=l8,150); A 232.5 (E=2,200). 
EI mass spectrum (m/z values and relative intensities 
in parentheses): 297 (M+, 12), 253 (M - CH 3 .CHO or M 
- ethylene oxide, 5), 252 (M - OC2H5 , 4), 238 (BA+ 
CH2 , 2), 225 (50), 224 (19), 209 (2), 198 (1), 197 
(1. 5), 148 (7), 121 (7), 120 (20), 119 (8), 106 
(100), 91 (69), 73 (ion~' 35) 
ion~ 
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Method 2. BA (100 mg) and diethylacetal (6.0 ml) were heated under 
reflux for 3 days when the acetal was completely evaporated under 
reduced pressure. Fresh acetal (4.0 ml) was then added and the 
solution was refluxed for a further day when TLC indicated that 
conversion of BA was about 90 % complete. The residue obtained by 
evaporation of the acetal was dissolved in ethyl acetate and purified 
by the procedure used in method 1. 
Synthesis of c14cJ9THP-BA. (0.12 -1 mg), 12.8 mCi mmol ) 
was transferred to a small (1.5 ml) reaction vial and dried in a 
vacuum oven at 90°c for 2-3 h. Using predried syringes, dry dioxan, 
formic acid and 2,3-dihy{opyran (60, 6 and 10, µl respectively) were A. 
added. The vial was then capped and heated at 90°c for 8 h. The 
mixture was evaporated in vacuo thoroughly so that no formic acid was 
left. c14c]9THP-BA was purified by TLC layer B, solvent A, and eluted 
with ethyl acetate. 
Synthesis of [ 3HJ9THF-BA. (9 Ci -1 mmol , obtained from 
Shanghai Institute of Nuclear Research, Shanghai, China) was mixed 
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with unlabelled BA to reduce the specific radioactivity to 42.4 mCi 
-1 
mmol . The synthesis method was exactly the same as that for 
14 [ C]9THP-BA except that 2,3-dihydrofuran was used instead of 2 ,3-
dihydropyran. 
Synthesis of 9-(2-tetrahydrofuran-yl)adenine (9THF-Ade). Ade (100 
mg) was dried in vacuo at 90° and suspended in dry dioxane (1.0 ml). 
Formic acid (0.1 ml) and dry 2,3-dihydrofuran (0.2 ml) were added and 
the mixture was refluxed with stirring under anhydrous conditions for 
1 h. Dry purified DMSO (1.0 ml) was then added to completely 
solubilize the Ade. After refluxing for a further 8 h, the mixture 
was evaporated in vacuo to yield a DMSO solution which was diluted 
with ethyl acetate (35 ml). The solution was then shaken with water 
(35 ml) containing sufficient Na 2co3 to yield a pH of 9, and then with 
water (18 ml). A portion of this product was subjected to preparative 
TLC (layer A, solvent A) and the principal zone of UV absorption (Rf 
0.56) was eluted (ethyl acetate-EtOH, 1:1 v/v) and rechromatographed 
(layer F, solvent E). This yielded two UV-absorbing compounds which 
were eluted as before: compound A, Rf 0.65; and B, Rf 0.48. 
Compound A. 
UV spectrum (in EtOH): A.max (nm) 212, 266. 
EI Mass spectrum (m/z values and relative intensities 
in parentheses): 275 (M+, 5), 247 (11), 232 (10), 205 
(6), 177 (64), 162 (34), 160 (7), 149 (6), 148 (7), 
136 (74), 135 (100), 119 (8), 108 (14). 
Compound B. 
UV spectrum (in EtOH): A.max (nm) 209, 260 (cf. 9THP-
Ade, A.max 210, 259.5). 
EI mass spectrum (m/z values and relative intensities 
in parentheses): 205 (M+, 18), 177 (3), 174 (2), 162 
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(67), 148 (3), 136 (82), 135 (100), 119 (4), 108 
( 40) . CI mass spectrum (CH 4), positive ion: 206 
(MH+, 41), 164 (19), 136 (100). CI mass spectrum 
(CH 4), negative ion: 204 (m-H, 100), 134 (42). 
Compound B exhibited the UV spectral characteristics of a 9-
substituted Ade and was concluded to be 9THF-Ade. 
The UV spectrum of compound A was characteristic of an N6,9-
disubstituted Ade and was hence concluded to be N6,9-di-(2-
tetrahydrofuranyl)adenine. 
S~thesis of Succinyl BAR. A solution of BAR (0 .25 g) and 
succinic anhydride (0.25 g) in dry pyridine (9 ml) was kept at 23°c 
for 18 h when it was evaporated to dryness in vacuo. The residue was 
dissolved in dioxan and subjected to preparative TLC (layer A, solvent 
M). The layer was washed with MeOH prior to use. The principal UV 
absorbing zone (also the zone of highest Rf, 0.76) was eluted with 80% 
MeOH. The eluate was evaporated and the residue was dissolved in 
water maintained at pH 7-8 by addition of dilute ammonia. Dropwise 
addition of 30% acetic acid precipitated the product which was washed 
with water and then crystallized from ethyl acetate-MeOH (yield 0.15 
g). Further product was recovered from the acetic acid mother liquids 
by extraction with ethyl acetate. Since the product did not react 
with periodate, the succinyl group was assigned to positions 2' and/or 
3' of the ribose moiety. 
UV spectrum (in 75% EtOH with 0.15 N NH 40H): Amax 
(run) 210 and 266-270 (plateau) . 
CI mass spectrum (CH 4 ) (m/z values and relative 
intensities in parentheses) : 48 6 (C2H5 adduct of M+, 
4) , 458 (MH+, 3) , 358 ( 5) , 254 ( 2) , 226 ( 8) , 101 
(100); EI spectra: 457 (M+, 7) , 357 ( 7) , 268 ( 8) , 254 
(32), 225 (100), 224 
(8 6) • 
6.2.2 Bioassay 
(41), 148 
214 
(18), 106 (53), 100 
Soybean plants were grown as before (see Section 5.2.2). At late 
podfill, plants were taken out of potting mixture and transferred to 
water a few days before bioassay. The various BA derivatives and some 
other compounds of interest were dissolved in 0.05 % Tween 80 H
2
o 
solution containing 0.5% EtOH Aliquots (5 µl) of the solutions were 
spread on a round area within 14 mm diameter lanolin rings on selected 
uniform leaflets showing slight yellowing. The plants were kept in a 
growth cabinet (28/ 22°c day/night temperature, 10 h day length). 
After an appropriate period (usually 5-7 days), the effect of 
different compounds on chlorophyll retention was evaluated visually. 
For some compounds the treated areas were punched out and the 
absorbance of 80 % acetone extracts was determined at 665 nm in a 
spectrophotometer as a measure of chlorophyll content. 
Bioassay with primary soybean leaf discs was carried out according 
to Hsia and Kao (1978b), except the discs were 6.5 mm in diameter and 
the incubation solution contained 0.2 % DMSO as well as the tested 
compounds. Figure 6.1 is a demonstration of the method. The 
measurement of chlorophyll content was carried out as mentioned above. 
6 . 2 . 3 Studies of the Metabolism of BA Derivatives 
Radioactively labelled BA derivatives (9Ala-BA, 9THP-BA and 9THF-
BA) and BA itself were made up as 7.5 µM solutions in 0.2 % DMSO 
containing 0.05% Tween 80. In some experiments, l,7-Di-methyl-3-(hex-
5'-en-l-yl)xanthine (compound Xl in previous chapter, henceforth 
termed MHX) was tested at 200 µM in the same solution to determine if 
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it inhibited the formation of 9Ala-BA. Excised leaf discs from 
soybeans (cv. Anoka) at mid podfill were used. Methods of incubation 
and extraction were as described in Sections 5.2.7 and 2.1, 
respectively, but 70 % MeOH was used to extract the leaf discs. 
6.2.4 Purification of Metabolites for Identification by Mass 
Spectrometry 
Aqueous solutions (100 µM) of 9THP-BA and 9THF-BA were supplied to 
excised soybean (cv. Anoka) leaves (25 g) through the petiole in light 
-2 -1 o (8 µEm s ) at 23 C for 48 h. The discs were extracted with 70 % 
MeOH as described in Section 2.1.1. Supernatants after centrifugation 
were evaporated until the methanol was removed, filtered through 
Whatman No. 1 filter paper. The filtered materials then underwent the 
following steps (shown schematically in Figure 6.2). They were first 
extracted with ethyl acetate (4 times with an equal volume). The 
ethyl acetate extracts were combined, evaporated and dissolved in 
10 µl of 5 % EtOH. The solutions were passed through paraffin-coated 
silica gel columns which were washed with 5 % EtOH and then eluted with 
80 % EtOH. The evaporated eluates were subsequently purified by the 
following sequence of four TLC systems: (1) layer A, solvent A; (2) 
layer El solvent J; (3) layer F, solvent E and (4) layer G, solvent B. 
Between TLC 2 and 3, chromatography was carried out on small Baker c18 
columns (see Section 2.3.3). To elute metabolites, 80 % EtOH was used 
after TLC 1, 2 and 4, and also for Baker c18 columns, while EtOH/ethyl 
acetate (1:1) was used after TLC 3. TLC system 1 separated BA from 
the metabolite Mf derived from 9THF-BA, but not from Mp derived from 
9THP-BA (see Results). This resolution was achieved with system 2. 
The above procedure yielded purified Mf and Mp and a metabolite 
thought to be BA for mass spectrometry. To distinguish different 
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sources , the metabolite thought to be BA wa s termed BAf and BAp 
because they had been derived from 9THF-BA and 9THP-BA , respectively. 
6 . 3 RESULTS 
6.3.1 Comparative Activity of Some 9-Substituted BA Derivatives 
Fourteen 9-substitutd BA derivatives 
A have been compared with the 
parent compound (all at 100 µ-M) for ability to cause chlorophyll 
retention in leaves of intact soybean plants. The structures of these 
compounds are presented in Figure 6.3 . The results obtained wit h cv. 
Anoka are presented in Table 6 . 2, but similar results were observed 
with cv. Bragg and Fiskehy V, and at 10 µM with Anoka (data not 
presented). The comparison was carried out visually but chlorophyll 
data were obtained for compounds 4, 6 and 11 ~n comparison with BA and 
control (Table 6.2). Of the 14 compounds tested, 10 (9THF-BA) and 11 
(9THP-BA) both showed substantially higher activity than BA and ranked 
equally as the most effective compounds tested. While 9THP-BA is 
known to be a potent cytokinin (see Discussion of this Chapter), the 
related compound, 9THF-BA, was synthesized for the first time in the 
present study. Both are cyclic ethers in which the ether oxygen is 
attached to the carbon joined to the purine N-9. Unexpectedly, the 
related acyclic compound 6, also synthesized for the first time in 
this study, was much less active, in fact slightly less effective than 
BA (Table 6.2). BA riboside (compound 12) was slightly more effective 
than BA, but modification of the ribose moiety by oxidation (compound 
13) or ,by conjugation (compounds 14 and 15) depressed activity to 
varying degrees. The remaining compounds tested (2, 3, 4, 5, 7, 8 and 
9) were BA derivatives with a substituted alkyl group at N-9. All 
were either inactive or much less active than BA wi th one exception, 
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compound 5, with a 4-chlorobutyl group at N-9, was slightly more 
effective than the parent purine. It is noteworthy that the weakly 
active alkyl derivatives include compound 4 (9Ala-BA), the alanine 
conjugate to which BA is actively metabolized in soybean leaves (see 
Chapter 5). 
The above results were obtained from bioassays using intact 
soybean plants. As a complementary study, the soybean primary leaf 
disc bioassay (Hsia and Kao 1978b) was also employed to test some of 
the 9-substituted BA derivatives (Table 6.3). All the compounds 
tested had substantial activity compared with control. The most 
effective were 9THP-BA, BAR, BA and compound 6 which showed very 
similar activity. 9Ala-BA showed marked activity in the leaf disc 
bioassay but was essentially inactive with intact leaves (cf. Table 
6.2). Compounds 5 and 6 also showed quite different relative activity 
compared with their activity in intact leaf bioassay (cf. Table 6.2). 
Therefore, it seems there exists some difference between the intact 
leaf and excised leaf disc bioassays. However, the intact leaf 
bioassay is more significant in the present experiment and in general. 
6.3.2 Activity of Some other Compounds 
In addition to the 9-substituted BA derivatives discussed above, a 
further six compounds were compared with BA for senescence-retarding 
activity. These were Z, DZ, GA3 and three BA analogues (16, 17, 18), 
the structures and chemical names of which are given below. Only 
compound 18 equalled the activity of BA (Table 6.4) Zand DZ 
appeared to be less active than BA, while 16, 17 and GA3 were 
inactive. 
Since 2,4-D and MHX (Xl) had been found very effective in 
inhibiting the alanine conjugation of BA applied to soybean leaves 
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(see Sections 5.3.3, 5.3.4), these two compounds were also tested in 
the soybean leaf senescence assay, especially to examine their 
influence on the activity of applied BA. 2,4-D at 25 µM had no effect 
on this assay whether it was applied alone or with BA (Table 6.5). 
However, interestingly, the xanthine derivative, MHX, at 200 µM 
potentiated the action of BA, but was inactive when supplied alone 
(Figure 6.4; Table 6.5). 
16 17 18 
6-benzoylamino- 7-benzylaminooxazolo- 6-benzylamino-2-chloro-
purine (5,4-d)pyrimidine purine 
(BOP) (2-chloro-BA) 
D 6.3.3 Metabolic Comparison of Selected BA erivatives 
' 
The two most effective compounds (9THF-BA and 9THP-BA, based on 
the bioassay results of Table 6.2), and the main metabolite of BA in 
soybean leaves, 9Ala-BA, were labelled isotopically and their 
metabolism in soybean leaf discs was compared with that of labelled 
BA. The effect of MHX, an inhibitor of P-(9-cytokinin)alanine 
synthase was examined in some experiments. Percentages of 
radioactivity in different metabolite zones after TLC (layer A, 
solvent A) of leaf disc extracts (Figures 6.5, 6.6) are presented in 
Table 6. 6. 
BA was largely converted to a metabolite which cochromatographed 
with 9Ala-BA as expected. 9Ala-BA exhibited great stability and no 
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appreciable radioactivity due to BA was detected after 2D-TLC, 
although some 3H did cochromatograph with BA marker in 1D-TLC (Table 
6. 6) . When 9THF-BA and 9THP-BA were supplied, 18 % and 43 % of 
radioactivity, respectively, was still present 48 h after the 
compounds were applied. 9THP-BA was more stable than 9THF-BA. With 
. ' h ' d f 3 an increase int e perio o uptake for [ H]9THF-BA from 24 h to 48 h, 
radioactivity remaining as 9THF-BA decreased from 28 % to 18 %. 
Substantial proportions (7-9 %) of radioactivity were detected in the 
BA zones on TLC chromatograms of extracts from discs supplied with 
either labelled 9THF-BA or 9THP-BA. Essentially all of this 
radioactivity derived from 9THF-BA cochromatographed with authentic BA 
again when eluted with 80 % EtOH and rechromatographed on TLC (layer E, 
solvent J). However, much of this radioactivity derived from 9THP-BA 
was due to an unknown metabolite termed Mp (see Figure 6.6b). A peak 
o f radioactivity (8-11 %) derived from 9THF-BA was also detected just 
below the BA zone on TLC chromatograms (Figure 6.5). This unknown 
metabolite was termed Mf. It behaved as a single peak when 
rechromatographed on another TLC system (layer E, solvent J) and 
exhibited an Rf (0.27) almost identical to that of Mp in this system; 
the unknown metabolite derived from 9THF-BA was termed Mf. Some 
radioactivity derived from both 9THF-BA and 9THP-BA cochromatographed 
with Ade (Table 6.6). Rechromatography (layer F, solvent F) confirmed 
that Ade was in fact a minor metabolite. No radioactivity peak was 
detected in the Ado zone. 9Ala-BA appeared to account for 12.5-19% of 
the radioactivity in the extracts of discs supplied with 9THF-BA and 
9THP-BA, which was only about 1/3 of the 9Ala-BA derived from BA. 
Surprisingly, MHX, which inhibited formation of 9Ala-BA from BA (see 
Section 5.3.4), did not affect the proportion of 9Ala-BA derived from 
9THF-BA and 9THP-BA. 
6.3.4 Identification of BA, Mf and Mp Derived from 9THF-BA and 
9THP-BA 
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For mass spectrometry, bulk extracts were obtained from excised 
whole soybean leaves which had been supplied with aqueous solutions 
(100 µM) of 9THF-BA and 9THP-BA (see Section 6.2.4). 
Identification of BAf and BAp. Since labelled BAf and BAp both 
cochromatographed with authentic BA marker on two TLC systems (layer 
A, solvent A and Layer E, solvent J, see Sectin 6.3.3), these two 
systems formed the first two TLC steps in the further purification of 
BAf and BAp from partially purified extracts (see Section 6.2.4; 
Figure 6.2). This yielded a metabolite which could be detected under 
UV light. Purification was completed by two further TLC steps to 
yield pure BAf and BAp. 
e vidence: 
Identification was based on the following 
(1) TLC: BAf and BAp both cochromatographed with 
authentic BA in the four TLC systems listed in 
Figure 6.2; 
(2) Mass s:eectrometry: The EI mass spectra of BAf 
and BAp (Figures 6.7b, 6.7c) were identical to 
the spectrum of BA (Figure 6.7a). 
Identification of Mf and Mp. Because of the close structural 
similarity between 9THP-BA and 9THF-BA and the similar Rf values 
exhibited by Mf and Mp, one would speculate that these metabolites are 
analogous. To facilitate identification, [ 3H]Mf (0. 05 µM) purified by 
TLC (layer A and solvent A, followed by layer E and solvent J) was 
supplied to soybean (cv. Anoka) leaf discs for 32 h. The 
radioactivity distribution of the e xtract on a thin-layer chromatogram 
(layer A, solvent A) revealed basically two peaks; one occurred at the 
Rf value of Mf and the other at the position of Ade (Figure 6.8). 
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This suggested that Mf contained an intact Ade moiety and was possibly 
an N6 cleavage product. Furthermore, acid hydrolysis of [3H]Mf and 
14 o [ C]Mp, under conditions (0.5 N HCl at 23 C for 20 h) that would 
cleave 9-THP and 9-THF groups, yielded hydrolysates each containing a 
labelled compound which cochromatographed with Ade (layer F, solvent 
A; see Figures 6.9, 6.10). Hence Mf and Mp were probably derived from 
9THF-BA and 9THP-BA by cleavage of the N6-benzyl group. 
To establish structures unequivocally, Mp and Mf were purified 
(see Figure 6.2) and mass spectra determined. The DCI-PPINI (CH 4 gas) 
mass spectrum of Mp exhibited, as positive ions, a clear MH+ ion at 
m/z 220 and an intense peak at m/z 136 attributable to a protonated 
Ade fragment (Figure 6.llb). The peak at m/z 164 corresponds to a 
c2H5 adduct ion of Ade (i.e. 135 + 29). The negative ion spectrum 
(not shown) exhibited the base peak at m/z 218, an (M-H) ion. The EI 
mass spectrum (Figure 6.12b) showed a molecular ion at m/z 219, 
intense peaks at m/z 135 and 136 (base peak) and an ion at m/z 108 
which is derived from the purine ring system (see Shannon and Letham, 
1966) . 
The above observations indicated that Mp was 9-(2-
tetrahydropyranyl)adenine (9THP-Ade) and this compound was then 
synthesized chemically (see Section 6.2.1). Mp and 9THP-Ade exhibited 
identical mass spectra (DCI-PPINI, EI; see Figures 6.11, 6.12) and 
cochromatographed in the following TLC systems: (a) layer A,solvent 
A; (b) layer El solvent J; (c) layer F, solventE, (d) layer G, solvent 
B. Hence it was concluded that Mp and 9THP-Ade are identical. 
Unfortunately, Mf did not give a satisfactory mass spectrum due to 
the presence of impurities, however, the EI spectrum did show peaks at 
m/z 205, 162, 136 and 135 which are characteristic of synthetic 9THF-
Ade (see Section 6 .2 .1). Also, synthetic 9THF-Ade and Mf 
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cochromatographed in the TLC systems listed above. Hence these two 
compounds are probably identical. 
6.4 DISCUSSION 
6.4.1 Synthesis and Mass Spectra of 9-Substituted Derivatives of BA 
9THP-BA and 9THF-BA were prepared conveniently by condensing BA 
directly with 2,3-dihydropyran and 2,3-dihydrofuran, respectively, 
under anhydrous conditions in the presence of formic acid which 
catalyzed the reactions. A less convenient synthesis in the recent 
literature (Gasque 1982) involves conversion of 6-chloropurine to the 
9-tetrahydropyranyl derivative and reaction of the latter with 
benzylamine. The synthesis described in Section 6.2.1 should be 
useful when large amounts of 9THP-BA are required for spray trials 
with plants as described in the next Chapter. 
Since 9THP-BA and related compounds are potentially useful 
retardants of leaf senescence, methods for their detection and 
quantification may become important. GC-MS is the obvious technique 
of choice and hence the EI mass spectrum of 9THP-BA has been 
rationalized in Table 6.1 where structures are proposed for fragment 
ions. Analogous ions are evident in the spectra of 9THF-BA and 9-(1-
ethoxyethyl)BA. The dominant feature of the mass spectra of 9THP-BA 
'l + ' is the elimination of 2,3-dihydropyran to yei d a BA. ion. The likely 
mechanism, involving a six-membered transition intermediate, is 
presented in Figure 6.13. Structures attributable to other ions are 
also presented in this Figure. 
6.4.2 The Relative Activity of 9-Substituted BA Derivatives 
The two most effective retardants of senescence of attached 
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soybean leaves were the related 9-substituted derivatives of BA, 9THP-
BA and 9THF-BA, both of which were more effective than BA (Table 6.2). 
Compound 9THP-BA has been reported to be more active than BA in 
evoking several growth responses (see Review by Letham 1978). In 
promoting lettuce seed germination, 9THP-BA and BA were equally active 
(Pietraface and Blaydes 1981), but 9THP-BA was slightly less active 
than BA in the Amaranthus betacyanin bioassay and in the cucumber 
cotyledon chlorophyll synthesis bioassay (Gasque 1982). With tobacco 
leaf disc chlorophyll retention bioassay (Young and Letham 1969), 9-
(2-tetrahydropyranyl)iP markedly exceeded its parent cytokinin iP, but 
ranked below its BA counterpart, in activity. Hence a 9-(2-
tetrahydropyranyl} moiety appears to be a structural feature which can 
enhance cytokinin activity in diverse plant systems. Cytokinin free 
bases are probably the "active" forms of cytokinins (see Section 
1.2.2). Hence the activity of 9THP-BA and 9THF-BA is probably a 
consequence of slow cleavage of the pyranyl and furanyl moieties, 
respectively, as discussed further below. The cyclic ether moieties 
may facilitate uptake and appear to confer resistance to metabolic 
inactivation by alanine conjugation. 
Several of the 9-substituted alkyl derivatives of BA tested in the 
soybean senescence assay (Table 6.2) have been assessed for activity 
previously in other bioassays. Thus, compound 3 was much less active 
than BA in the soybean callus assay (Fox and Chen 1968); it was 
inactive in the soybean leaf senescence assay reported herein (Table 
6 .2). Compound S, a 9-chloroalkyl derivative of BA, exhibited 
activity which approached that of BA in the radish cotyledon expansion 
assay (Letham et al. 1978, 1982); it was slightly more effective than 
BA in retarding soybean leaf senescence (Table 6.2). Compound 7 was 
inactive in the radish cotyledon assay (Letham et al. 1983) and also 
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in the soybean senescence test (Table 6.2). The alanine conjugate 
9Ala-BA showed only very weak activity in several classical cytokinin 
bioassays (Letham et al. 1983) and also in the soybean leaf assay 
(Table 6.2). The remaining three alkyl-type derivatives, including 
two with long chains (compounds 8 and 9), have not been tested 
previously for cytokinin activity, but all were very weakly active in 
the soybean senescence assay (Table 6.2). 
The 9-riboside of BA (compound 12 of Table 6.2) exhibited 
senescence-retarding activity which exceeded that of BA, but in some 
commonly used cytokinin bioassays, it was less active than BA itself 
(Letham 1978). Because of the activity of 12, the effect of 
modification of the ribose moiety was studied (compunds 13-15). 
However this resulted in diminished activity. Compound 14, with a 
succinyl group, might be expected to release BA riboside as a result 
of esterase action. 
The relationship between structure and cytokinin activity is still 
obscure as far as the 9-substituents are concerned. Thus it is not 
possible to explain why the related compounds 3 and 5 differ so 
greatly in activity, one being inactive and the other highly active. 
While there may be a connection between chemical lability of the N-9 
substituent and cytokinin activity in some sets of compounds (Young 
and Letham 1969), the critical factor which largely determines 
activity of 9-alkyl-type cytokinins is probably susceptibility to 
enzymic dealkylation. Thus, compound 5 is highly active probably 
because it is readily dealkylated to yield free BA, while 3 is not 
susceptible to dealkylation and is inactive because of its stability. 
Until the structural requirements for enzymic dealkylation of purines 
in plant tissues are elucidated, the structure-activity relationships 
of N-9 alkyl cytokinins will probably remain an enigma. However, the 
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problem will no doubt be compounded due to differences between species 
and tissues in their ability to remove the 9-substituents, to 
metabolize the 9-substituted BAs directly and to inactivate released 
BA. Furthermore, the relative importance of the three above aspects 
of metabolism may vary with the concentration applied. 
6.4.3 The Relative Activity of Other Compounds 
Gibberellic acid and auxins were inactive in the soybean leaf 
senescence assay based on intact plants and hence the retardation of 
leaf senescence in this bioassay may be a specific hormonal response 
to cytokinins, although NAA (Nood~n 1980) and GA3 (Hsia and Kao 1978b) 
have been reported to retain chlorophyll of intact soybean leaves and 
soybean primary leaf discs. In bioassays based on retardation of leaf 
senescence, z and DZ are usually much less active than BA and kinetin 
(see Section 1.4.3). This was observed in the current study and also 
when cytokinins were supplied to soybean explants via the 
transpiration stream (Garrison et al. 1984). Although amides of Ade 
exhibit moderate cytokinin activity, including activity in a Chinese 
cabbage leaf senescence bioassay (Letham et al. 1972), compound 16 was 
inactive in the soybean senescence bioassay (Table 6.4). A 2-chloro 
substituent has little effect on cytokinin activity in the tobacco 
pith callus bioassay (Hecht et al. 1970, Dammann et al. 1974), and 
similarly in the soybean senescence assay, 2-chloro-BA (compound 18, 
Table 6.4) exhibited activity similar to that of BA. A newly 
synthesized compound tested in the present study was compound 17 of 
Table 6.4, namely, 7-benzylaminooxazolo[S,4-d]pyrimidine (BOP). 
Although this compound is closely related to BA, it was inactive. 
This is the first assessment of the possible cytokinin activity of 
this compound which would be resistant to glucosylation and 
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conjugation to alanine at N-9. The inactivity of BOP emphasizes for 
the first time the importance of the nitrogen at position 9 of the 
purine ring in cytokinin structure-activity relationships. 
Although both the xanthine derivative MHX, and 2,4-D suppressed 
conversion of BA to 9Ala-BA, only the former enhanced the senescence 
retarding activity of BA (Table 6.5). Indeed with excised soybean 
leaf discs, 2,4-D caused slight yellowing. While MHX may be an 
inhibitor of alanine conjugation which is fairly specific and as a 
consequence potentiates the action of BA, 2,4-D probably affects other 
aspects of metabolism and these override the desirable effect of its 
inhibition of 9Ala-BA formation. 
6.4.4 The Metabolism of 9-Substituted Derivatives of BA 
The high activity of 9THP-BA and 9THF-BA relative to BA itself 
could be a consequence of the following factors: 
(1) Enchanced uptake by the leaves caused by the 
THP or THF moiety; 
(2) The resistance of 9THP-BA and 9THF-BA to 
metabolism which inactivates cytokinins, 
especially alanine conjugation; 
(3) The ability of 9THP-BA and 9THF-BA to slowly 
release free BA and provide desirable 
concentrations of the latter; 
(4) 9THP-BA and 9THF-BA are active per se. 
The extracted radioactivity data in Table 6.6 do not support the 
first proposition. 
various metabolites 
However, the proportions of radioactivity in 
(Table 6. 6) , and the mass spectrometric 
identification of BA as a metabolite of 9THP-BA and 9THF-BA (Figure 
6.7 ) give clear support to the suggestions (2) and (3). While 
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proposal (4) cannot be excluded, 9-substitution with an alkyl-type 
group generally markedly reduces activity in bioassays (Letham 1978). 
Hence the direct activity of 9THP-BA and 9THF-BA per se is probably 
less than that of BA. 
The mechanism for the cleavage of the 9THP and 9THF groups is 
obscure. These groups can be cleaved by acid since 9THP-BA and 9THF-
BA are analogous to acetals. Compounds could be ranked as follows 
with respect to stability to acid hydrolysis: 9THP-BA > compound 6 of 
Figure 6.3 > 9THF-BA (data not shown). However, pH values below 3 are 
required for appreciable hydrolysis. Hence the cleavage observed in 
soybean leaves is probably due to enzymic action by a dealkylating 
enzyme. The cleavage of substituents other than sugar moieties at 
position 9 of BA have been considered before. Thus, Fox et al. (1971, 
1972) studied the metabolism of 9-methyl-BA labelled with 14c in the 
methyl group using tobacco callus tissue cultures. The methyl 
derivative was found to be rapidly metabolized but no metabolites were 
identified definitely, although it was claimed that conversion to free 
BA occurred. The metabolism of 9-methyl-BA in germinating lettuce 
seed was studied by Pietraface and Blaydes (1981). Metabolism was 
appreciable only during the initial period of uptake; similarly in the 
present study of metabolism of 9THF-BA, degradation was rapid only 
during the first 24 h (cf. Table 6.6). Chromatographic studies of the 
lettuce seed extracts indicated that BA nucleotide and BA riboside 
were metabolites, but free BA was not detected. Again, in a study of 
the metabolism of 9-(4-chlorobutyl)BA in radish cotyledons (Letham et 
al. 1978), no free BA was identified definitely, but conversion to the 
7- and 9-glucosides of BA was established unequivocally by mass 
spectrometry and other methods. Formation of these glucosides 
presumbaly requires prior conversion to BA. However, in the present 
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study of metabolism of 9THP-BA and 9THF-BA, free BA was identified 
unambigously as a metabolite. Hence this is the first definite 
demonstration of conversion of a 9-alkyl cytokinin to the free 
cytokinin base. 
While 9THP-BA and 9THF-BA both yielded free BA in soybean leaves, 
9Ala-BA did not release free BA in detectable amounts, and this could 
account for its very low activity (see Table 6.2) The metabolism of 
the zeatin-alanine conjugate, lupinic acid, has been studied in two 
plant tissues. Like 9Ala-BA, it exhibited high stability relative to 
the corresponding base or riboside (Parker et al. 1978, Palni et al. 
1984). Lupinic acid is also weakly active in cytokinin bioassays 
(Letham et al. 1983, Palni et al. 1984). 
The present studies establish that 9THP-BA and 9THF-BA are both 
subject to N6 debenzylation, as well as N-9 dealkylation, in soybean 
leaves, while 9THF-BA and 9THP-BA themselves were resistant to alanine 
conjugation in soybean leaf tissues. This caused the debenzylation 
pathway of metabolism (with 9THF-Ade, 9THP-Ade and Ade as products) to 
be more prominent (Table 6.6). An overview of the metabolism of 9THP-
BA is presented schematically in Figure 6.14. Because of the 
debenzylation, it is possible to suggest modifications of structure 
which might yield compounds that are more effective than 9THP-BA and 
9THF-BA. This is discussed briefly in Chapter 8, the concluding 
chapter of this thesis. 
Table 6.1. Mass Spectrum of 9THP-BA. 6BA denotes a 
6-benzylaminopurin-9-yl moiety. Structural formulae 
for some ions are given in Figure 6.13. 
m/z Relative Intensity {%) Assignment 
309 13 M'. {M) 
281 2 M - C2H4 
+ 
252 0.7 6BA-C=O or 
+ 
6BA-CH2 -cH2 
225 100 ion ~ 
224 32 ion b 
209 3 ~ - NH2 
198 1.5 ~ - HCN 
197 2.0 b - HCN 
148 7 ~ - C6HS (ion £) 
121 5 ~ - c 6H5-CH=N' 
(ion s!) 
120 19 ~ - c 6H5 -CH=NH 
(ion~) 
119 5 £ - CH2=NH 
10 6 87 ion f 
91 38 C7H7 + (tropylium ion) 
85 18" ion g: 
22 9 
0 
"' N Ta b l e 6 . 2 . Effect of Some 9-Substituted BA Derivatives (100 µM) on Leaf Chlorophyll 
Ret e ntion of Intact Soybean (cv. Anoka) Plants. The scoring was based on several 
repli c ations; compounds were scored visually on a scale of 0-6 according to their ability to 
cause chlorophyll retention, i.e. inactive compounds scored as 0, and most active ones as 6. 
Compound 
Visual 
Sco ring 
b 
A665 
ca 1 2 
0 4 1 
0.074 0.296 
3 4 5 6 
0 1 5 3 
0.094 0.216 
7 8 9 10 11 12 13 14 15 
0 1 1 6 6 5 4 1 1 
0.406 
a C = control , a 0.2% aqueous solution of DMSO containing Tween 80 (0.05%) 
b spectrophotometric measurements of 80% acetone extracts. 
1, BA; 2, P-(6-benzylaminopurin-9-yl)propionitrile; 3, S-6-benzylamino-9-(3-
hydroxypropyl)purine; 4, 9Ala-BA; 5, 6-benzylamino-9-(4-chlorobutyl)purine; 6, 6-
benzylamino-9-(1 -e thoxylethyl)purine; 7, ethyl 3-(6-benzylaminopurin-9-yl)propionate; 8, 10-
(6 - benzylaminopurin - 9-yl)decyl aldehyde; 9, 6-benzylamino-9-(10,11-dihydroxyundecyl)purine; 
10, 6-benzylamino-9-(2-tetrahydrofuranyl)purine ( 9THF-BA) ; 11, 6-benzylamino-9-(2-
tet r a hydropyranyl)purine; 12, BAR; 13, ' 6-benzylaminopurine riboside 5-aldehyole; 14, 
succi nyl 
r iboside. 
6-benzylaminopurine riboside; ' ' 15, 2 ,3 -isopropylidene 6-benzylaminopurine 
...... 
(Y) 
"' Table 6.3. Effect of Some 9-Substituted BA De rivatives (10 µ.M) on Chl orophyll Retentio n of Soybean 
Primary Lea f Di scs from 14-Day-Old Seedlings 
Compound a cb 1 4 5 6 11 12 13 
3 A66 5 (XlO ) 84 + 1 419 + 7 333 + 12 326 + 8 415 + 11 429 + 17 424 + 12 359 + 5 
a compounds numbered as in Table 6.2 
b C = control, incubation solution only contained 0.2 % DMSO. 
N 
(Y) 
N 
Table 6.4. Effect of Some Other Compounds (100 µ.M) on Leaf Chlorophyll Retention of Intact 
Soybean (cv. Anoka) Plants. The scoring was based on several replications and compounds 
were scored according to their ability to cause chlorophyll retention, i.e. inactive 
compunds scored as 0, and most active ones as 4. 
Compound 
Visual Scoring 
BA 
(control) 
4 
z DZ 
3 3 
GA3 16 17 18 
0 0 0 4 
(Y") 
(Y") 
N 
Table 6.5. Effect of 2,4-D (25 µM) and MHX (200 µM) on Soybean Leaf Chlorophyll 
Retention of Intact Plants (cv. Anoka) and Influence on Action of BA (10 µM) 
Compound a Cb 2,4-D MHX BA 2,4-D + BA MHX + BA 
A665 0.144 0.150 0.142 0.256 0.252 0.355 
a all compounds were dissolved in 0.2% DMSO containing 0.05% Tween 80 
b C = control, no tested compound, only above asolution. 
j 
...., 
N 
Table 6.6. Distribution of Radioactivity over Thin-layer Chromatograms a of Soybean Leaf 
Disc Extracts. The leaf discs had been supplied with labeled BA, 9-substituted BA 
derivatives (7. 5 µM) or MHX (200 µM) . 
Time Extracted % of DPM in TLC Zones 
Compound of Radioactivity 
uptake ( % of 
(h) applied) 9Ala-BA Ade Mf or Mpb BA 9THF-BA 9THP-BA 
24 h 48.0 45.7 11. 3 11. 6 [14cJ BA (Control) 
48 h 47.3 51. 7 4.7 8.4 
[ 3tt]9Ala-BA 48 h 45.1 62.7 0.4 4.3c 
[ 3HJ9THF-BA 
24 h 53.3 13.6 6.4 8.5 7.4 28.5 
48 h 52.9 18.9 5.5 11. 2 8.7 18.5 
[ 3HJ9THF-BA/MHX 
24 h 52.0 13.1 2.7 11. 2 8.0 32.2 
48 h 55.1 18.0 4.5 10.3 7.6 23.0 
[ 14CJ9TH~-BA 48 h 66.9 12.5 2.5 11. 0 6.6 43.1 
[14CJ9THP-BA/MHX 48 h 65.0 10.7 2.2 11. 5 6.9 42.7 
a layer B, solvent A; the data underlined were obtained after rechromatography (layer E, 
solvent J) 
b Mf and Mp were unknown metabolites derived from 9THF-BA and 9THP-BA respectively 
c after a second dimention TLC (layer E, solvent J), no 3tt peak occurred in the BA zone. 
a b 
Figure 6.1. A demonstration of the soybean 
primary leaf disc bioassay for cytokinin activity 
in retaining chlorophyll. The discs from 14-day-
old seedlings were incubated in darkness at 30°c 
for 6 days. a, discs were incubated in H2o 
containing 0.2 % DMSO; b, discs were incubated in 
10 µMBA H2o solution containing 0.2 % DMSO. 
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Figure 6.2. Scheme for purifying and separating BAf , 
BAp , Mf and Mp prior to identification by MS 
CRUDE LEAF EXTRACTS 
I 
Et0Ac/H2o (1:1, v/v) partition 
organic phase 
paraffin/silica gel column 
eluate (80% EtOH) 
TLC (A/Aa, separate BAf from Mf) 
TLC (E/Ja, separate BAp from Mp) 
Baker c18 column 
MS 
a layer/solvent. 
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Figure 6.3. Structures of 9-substituted BA 
derivatives tested in soybean leaf senescence 
assay. 1, BA; 
yl)propionitrile; 
2, ~-{6-benzylaminopurin-9-
3, ~-6-benzylamino-9-(3-
hydroxypropyl)purine; 4, 9Ala-BA; 5, 6-
benzylamino-9-(4-chlorobutyl)purine; 6, 6-
benzylamino-9-(1-ethoxylethyl)purine; 7, ethyl 3-
(6-benzylaminopurin-9-yl)propionate; 8, 10-(6-
benzylaminopurin-9-yl)decyl aldehyde ; 9, 6-
benzylamino-9-(10,11-dihydroxyundecyl)purine; 10, 
6-benzylamino-9-(2-tetrahydrofuranyl)purine (9THF-
BA); 11, 6-benzylamino-9-(2-tetrahydropyranyl)-
purine; 12, BAR; 13, 6-benzylaminopurine riboside 
5 ~aldehyde 14, succinyl 6-benzylaminopurine 
riboside; 15, 
, , 
2 ,3 -isopropylidene 6-
benzylaminopurine riboside. 
I 
I 
I 
i 
I 
I 
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3 
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-H 
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Figure 6.4. The effect of BA and MHX on 
chlorophyll retention of soybean leaf lamina. 
Areas within lanolin rings (diameter 1.4 cm) on 
the surface of an intact leaf of a soybean (cv. 
Bragg) plant at late podfill were painted with 
solutions (5 µl, containing 0.05 % Tween 80 and 
0.2 % DMSO) as follows: 1, MHX (200 µM); 2, BA 
(10 µM); 3, BA (10 µM) plus MHX (200 µM). 
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Figure 6.5. Distribution of radioactivity over a thin-layer chromatogram (layer 
A, solvent A) of extract from soybean leaf discs which had been supplied with 
[3HJ9THF-BA (7.5 µM) for 48 h. Mf - unknown metabolite. 
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Figure 6.6. Distribution of radioactivity over a thin-layer chromatogram of 
extract from soybean leaf discs which had been supplied with [14cJ9THP-BA 
(7.5 µM) for 48 h. a, original extract separated by TLC (layer A, solvent A); 
b, rechromatograph (layer E, solvent J) of the eluate of BA zone from a. Mp -
unknown metabolite. 
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Figure 6 . 7 . EI-mass spectra of authentic BA (a), 
BAf (b) and BAp (c) 
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Figure 6.8. Distribution of radioactivity over a thin-layer chromatogram (layer 
A, solvent A) of extract from soybean leaf discs which had been supplied with 
[ 3H)Mf (0.05 µM) for 32 h 
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Figure 6.9. Distribution of radioactivity over a thin-layer chromatogram {layer 
F, solvent A) of eluate from Mf zone (Figure 6.5) which had been subjected to 
acid hydrolysis (0.5 N HCl at 23°c for 20 h) 
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Figure 6.10. Distribution of radioactivity over a thin-layer chromatogram 
(layer F, solvent A) of eluate from BA zone (Figure 
subjected to acid hydrolysis (0.5 N HCl at 23°c for 20 h) 
6.6a) which had been 
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Figure 6 .11. CI-mass spectra of authentic 9THP-
Ade {a) and Mp {b) 
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Figure 6 .12. EI-mass spectra of authentic 9THP-
Ade (a) and Mp (b) 
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Figure 6.13. Rationalization of mass spectrum of 
9THP-BA. A likely mechanism involving a six-
membere d transition intermediate is proposed. 
Some ions are also assigned. 
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Figure 6.14. A scheme for the metabolism of 9THP-
BA (also 9THF-BA) in soybean leaves 
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CHAPTER SEVEN 
RETARDATION OF SOYBEAN 
LEAF SENESCENCE 
AND ASSOCIATED EFFECTS ON 
SEED YIELD AND COMPOSITION 
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7.1 INTRODUCTION 
Monocarpic leaf senescence of soybean plants can be markedly 
retarded or even prevented genetically (Abu-Shakra et al. 1977) or 
chemically (Nooden et al. 1979). Thus soybean genetic lines which 
showed delayed leaf senescence have been characterized (Abu-Shakra et 
al. 1978, Phillips et al. 1984). Compared with plants which showed 
normal senescence, these lines had higher foliar levels of 
chlorophyll, protein and ribulosebisphosphate carboxylase activity and 
a higher nitrogen fixation activity. The retardation of leaf 
s enescence in soybean by spray applications of BA plus NAA has been 
reported (Nooden et al. 1979). BA was also found to delay soybean 
leaf senescence in other studies (Pillay and Mehdi 1968, Dybing and 
Lay 1981a). Other growth regulators which retard leaf senescence in 
this species are morphactins (Dybing and Lay 1981a, Dybing and Yarrow 
1984) and NAA (James et al. 1965, Nooden et al. 1979), while NAA 
appears to act mainly by inhibiting leaf abscission (Nooden 1980). 
Both of the above approaches which delayed soybean leaf senescence did 
not increase seed yield. Basnet et al. (1972) tested numerous 
compounds for effects on development and yield of soybeans, but 
effects on senescence were not recorded and no yield increase was 
observed. 
When senescence was retarded, nitrogen and starch contents of 
leaves were maintained or increased (Abu-Shakra et al. 1978, Nooden et 
al. 1979, Phillips et al. 1984) Thus when senescence is delayed, 
pods are supplied with current assimilate rather than by nutrient 
withdrawal from leaves. Protein synthesis in soybean seed continues 
until very late during seed development (Rubel et al. 1972, Yazdi-
Samadi et al. 1977, Sale and Campbell 1980). Hence it is likely that 
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seed protein content would be increased if seed development could be 
prolonged while assimilate supply from leaves and roots is maintained. 
This chapter reports the assessment of soybean seed composition 
(particularly protein) after leaf senescence had been markedly delayed 
and seed development prolonged by spraying with the synthetic 
cytokinin 9THP-BA plus NAA. In retarding soybean leaf senescence, 
9THP-BA was found previously (see Section 6.3) to be more effective 
than its parent compound BA which was inactivated by formation of the 
9-alanine conjugate (Chapter 5). 
7.2 MATERIALS AND METHODS 
7.2.1 Plant Culture and Growth Regulator Spray 
Soybean [Glycine max (L.) Merr., cv. Anoka and Fiskeby VJ 
(provided by Prof. L.D. Nooden of University of Michigan, USA and Mr 
R . Troedson of University of Queensland, Australia, respectively) 
plants inoculated with "Nodulaid" Group H (Agricultural Laboratories, 
New South Wales, Australia), were grown in 6-inch pots filled with 
potting mixture in a glasshouse at 25/20°c day/night temperature in 
Canberra. Uniform Anoka soybean plants were selected at 30 DAF and 
were divided into treatment and control groups (usually 6 plants in 
each group). They were then moved into a growth cabinet (28/22°c 
-2 -1 day/night temperature, 10 h daylight and 300 µE m s light 
intensity) . Sprays were applied twice a week for the first three 
weeks and once weekly thereafter 
yellow. The treated plants were 
5x10-5 M NAA in 0.05 % Tween 80 
until most of the pods had turned 
sprayed with 10-4 M 9THP-BA plus 
solution and the control with only 
0.05 % Tween 80 solution until the solutions were just beginning to 
drip from the leaves. Fiskeby V soybean plants were sprayed from 3 
252 
DAF and kept all the time in the glasshouse. Seeds were harvested 
when the pods were dry and were then air dried to about 7.5 % moisture. 
7.2.2 Seed Oil Content Determination 
Seeds (10 per plant) were dried at 75°c to constant weight, and 
used for oil content determination in a Newport Quantity MKII NMR 
(nuclear magnetic resonance) Analyzer (Tonnet and Snudden 1974). 
7.2.3 Seed Nitrogen Determination 
The rest of the seeds of each plant were dehulled, milled to a 
fine flour and passed through a 0.2 mm screen. The flour was defatted 
by sonicating with n-hexane (10 ml 
the suspension for 1.5 h at 23°c. 
-1 g ) for 5 min and then stirring 
After centrifugation, the pellet 
was re-extracted by the same procedure and air dried. The defatted 
flour was extracted with 10 % trichloroacetic acid (TCA) at o0 c for 2 h 
and then washed once with 5 % TCA to yield a soluble and an insoluble 
f raction from which TCA was removed by repeated extraction with 
diethyl ether. The nitrogen content of the two dried residues was 
then determined using a gas chromatographic elemental analyzer (Carlo 
Erba, Model 1106). 
7 . 2.4 Seed Protein Fractionation and Quantification 
Protein extraction from the defatted flour with buffer and further 
fractionation into glubulin and albumin were performed by the method 
of Schroeder (1982). Total buffer- extractable protein and albumin 
contents were determined by a micro-biuret method (Goa 1953) and 
globulin content was taken as the difference between the two values. 
To determine the protein not extracted by buffer, the pellet was 
extracted with 0.2 N NaOH (5 ml -1 g flour) at 38°c for 16 hand then 
253 
at 23°c for 2 days. The protein content of this fraction was also 
determined by the micro-biuret method. 
To further analyze seed protein components, sodium dodecyl 
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and HPLC were 
employed. The method for SDS-PAGE was as described by Schroeder 
(1982). HPLC system used was as follows: column, Protein PAK DEAE-5PW 
(7.5 cm x 7.5 mm, Waters Associates); buffers, 0.02 M Tris-acetate pH 
8.65 (A), buffer A plus 0.2 M NaCl (B); sequential elution with buffer 
A (2 min), linear gradient transition from A to B (over 27 min), and 
buffer B (36 min); flow rate 1.0 ml min-1 ; detection wavelength 280 
nm. 
7.2.5 Seed Protein Amino Acid and Sulphur Analyses 
Amino acid composition of the globulin and albumin fractions was 
analyzed on a Beck.man 199 CL Amino Acid Analyzer after the two 
fractions had been hydrolyzed with 6 N HCl in sealed tubes at 110°c 
for 24 h. Sulphur content of the two protein fractions was 
determined also using the elemental analyzer (Carlo Erba, Model 1106). 
7.3 RESULTS 
7.3.1 Effects of Anti-Senescence Spray on Leaf and Pod Yellowing 
Soybean (cv. Anoka and Fiskeby V) leaf senescence, leaf abscission 
and pod yellowing were markedly retarded by sprays of 9THP-BA plus NAA 
(Figures 7.1, 7.2, 7.3). When evaluated for leaf and pod yellowing by 
the method of Lindoo and Nooden (1976), the pods on the treated Anoka 
plants turned yellow 5-10 days later than those on the control plants, 
and most of the treated leaves remained dark green at seed harvest. 
The effect was, however, a little less dramatic on Fiskeby V plants; 
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the pods tured yellow 4-5 days later than those on the control plants. 
7.3.2 Effects on Yield and Yield Components 
In the present experiment, anti-senescence sprays did not change 
seed yield for both Anoka and Fiskeby V plants (Table 7.1). The pod 
number per plant, seed number per plant, and seed size of Anoka plants 
were not altered (Table 7.la). However, in Fiskeby v plants, although 
not significant, the pod and seed numbers per plant were reduced while 
the seed size increased (Table 7.lb). 
7.3.3 Effects on Seed Nitrogen and Protein Contents 
The seed nitrogen content of Anoka plants, both in TCA- soluble 
and TCA-insoluble fractions was increased (Table 7.2). For the same 
species, the seed total protein was increased -1 by 26 mg g dry seed 
flour, buffer-extractable total protein by -1 28 mg g , and globulin by 
-1 33 mg g , but albumin was decreased -1 by 6 mg g flour (Table 7.3a). 
The globulin/albumin ratios for treated and control plants were 4.79 
and 3.79 respectively. The treatment resulted in a similar change in 
seed protein in Fiskeby V plants, although the increments were not so 
significant as observed for Anoka plants (Table 7.3b). The overall 
increase in seed protein caused by the treatment was confined to the 
globulin portion, the major storage protein fraction in soybean seed. 
7.3.4 Effect on Seed Protein Polypeptides 
The effect of the spray treatment on the relative proportions of 
the seed protein polypeptides was also studied. SOS-PAGE of total 
protein, globulin and albumin fractions (Figure 7.4), as well as HPLC 
analysis of albumin fraction (Figure 7.5), did not, however, reveal 
any treatment-induced differences in the proportions of protein or 
polypeptide components. 
7.3.5 Effects on Amino Acid Composition and Sulphur Content of 
Seed Protein 
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The globulin and albumin fractions were subjected to amino acid 
analysis and as shown in Table 7.4, no significant difference for any 
amino acid was caused by the treatment. Because the hydrolytic method 
used is, to some extent, destructive for cystine and methionine, 
sulphur content was also determined for the above two protein 
fractions and no significant treatment-induced change was observed 
(Table 7.5). However, it is interesting to note that the sulphur 
content of soybean seed albumin is much higher than that of globulin. 
7.3.6 Effect on Seed Oil Content 
NMR analysis indicated that the spray treatment caused a 
significant decrease in seed oil content (Table 7.6). 
7.4. DISCUSSION 
In the present study, leaf senescence of intact soybean plants was 
retarded markedly by treating the plants with the synthetic cytokinin 
9THP-BA and auxin (NAA). After anthesis, the cytokinin level in 
soybean root exudate (Heindl et al. 1982) and cytokinin activity in 
leaves (Oritani and Yoshida 1973, Lindoo and Nooden 1978) appear to 
decline, which may be a backgroud for the onset of leaf senescence. 
The exogenously applied cytokinin may compensate for this deficiency 
and therefore is effective. Senesence-delayed soybean leaves have 
been shown to retain, or even accumulate, nitrogen and starch (see 
review by Nooden 1980), implying that photosynthesis by the leaves and 
256 
nitrogen fixation by the nodules may have been maintained. Data on 
leaf conductivity (stomatal resistance) (Neumann et al. 1983) and gas 
exchange (Peat and Jeffcoat 1982) have provided direct evidence for 
the maintenance of photosynthetic rate by cytokinin application. 
There have also · been many reports in the literature that symbiotic 
nitrogen fixation in legumes is dependent on the amount of 
photosynthate available to the root nodules (see review by Phillips 
1980). In the genetic lines of soybeans which showed delayed leaf 
senescence, the retention of photosynthesis in leaves was accompanied 
by the maintenance of nitrogen fixation in nodules (Abu-Shakhra et al. 
1978). It would be worthwhile to prove that this relationship also 
exists in the situation where leaf senescence is delayed by applied 
cytokinin. 
The increase in seed protein content induced by the growth 
regulator spray (Table 7.3) is probably a consequence of prolonged 
seed development maintained by a continued supply of assimilates from 
the nonsenescent leaves and roots. However, the possibility that the 
supplied growth regulators were translocated into the seed and then 
directly modify seed development cannot be excluded. Two previous 
studies are relevant in this connection. By directly applying BA and 
NAA to pedicels of pea plants, Schroeder (1984) found an increase in, 
and modification of, pea seed protein. However, addition of kinetin 
to media did not change seed protein content of cultured soybean seed 
cotyledons, while 2,4-D induced a decrease in protein level (Thompson 
et al. 1977). 
For reasons of nutrition, it is desirable to increase, in legume 
seeds, the proportion of seed proteins which are rich in the essential 
sulphur amino acids, cystine and methionine (see review by Esen 1982). 
When BA and NAA were supplied to developing pea seed via the pedicel, 
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sulphur-rich seed protein fractions, albumin and legumin, were 
increased relative to other proteins (Schroeder 1984). In peas, these 
sulphur-rich proteins are formed late in seed development (Chandler et 
al. 1984). It was therefore of interest to determine if the BA plus 
NAA spray which · retarded soybean leaf senescence and increased the 
protein content of soybean seed, 
amino acids in seed protein. 
also elevated the content of sulphur 
However, the seed globulin fraction 
which was selectively increased was found to be low in sulphur 
relative to the other major protein fraction, albumin (Table 7.5). 
Hence the spray treatment used in the present study did not increase 
sulphur content of soybean seed protein. 
A negative correlation between oil and protein contents of soybean 
seed has frequently been observed (Weiss et al. 1952, Hymowitz et al. 
1972). These seed attributes were also found to be negatively 
correlated in the present study. Oil content of soybean seed is known 
to decline during the terminal phase of seed development (Sale and 
Campbell 1982) Hence it is likely that if seed development is 
prolonged, as in the present investigation, 
maintained, that seed oil content would decline. 
and protein synthesis 
A negative correlation between seed yield and protein content is 
also often observed (see reviews by Esen 1982, Muller 1983). In the 
present study, retardation of soybean leaf senescence by a growth 
regulator spray did not alter seed yield but elevated the seed protein 
content. When senescence was delayed genetically (Phillips et al. 
1984) or by growth regulator applications in earlier studies (Dybing 
and Lay 1981b, Nooden et al. 1979, Peat and Jeffcoat 1982), seed yield 
was either not affected or reduced. In the study by Nooden et al. 
(1979), seed number was reduced by a spray containing BA and NAA but 
this reduction is probably a consequence of commencing treatment at a 
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very early stage (at early flowering) when auxin is known to induce 
flower and immature pod abortion (Boize 1982, Nooden and Nooden 1985). 
The reduction in seed number per plant observed with Fiskeby v 
soybeans (Table 7.lb) could also be a consequence of commencing the 
spray treatment too early. Other studies of my own with cv. Anoka and 
Fiskeby V soybeans not detailed in this thesis substantiate this view. 
In the study by Peat and Jeffcoat (1982), the seed size and 
consequently the seed yield were decreased, which was hypothesized to 
be a result of stimulated dark respiration caused by foliar BA spray. 
While increased yield was not observed in the present study, or in 
earlier studies using similar growth regulator applications, there may 
be conditions under which such an increase would result. This is 
discussed in Chapter 8. 
Table 7.1. Seed Size and Yield from Control Plants and 
Plants Showing Delayed Leaf Senescence. 
(SE) is given after each value. 
Standard error 
a. 
CV. Anoka 
Control 
Senescence 
Delayed 
b. 
Pods 
-1 Plant 
22.3 + 2.1 
22.8 + 1. 4 
CV. Fiskeby V 
Control 15.6 + 1.1 
Senescence 
Delayed 13.6 + 1.1 
Seeds 
-1 Plant 
42.3 + 1.1 
42.3 + 1. 8 
28.0 + 1. 9 
26 .2 + 1.5 
Mean Seed Seed Yield 
Dry Weight (g dry wt 
(mg) 
241 + 11. 9 
239 + 1. 8 
166 + 7.5 
176 + 5.7 
-1 plant ) 
10.1 + 0.3 
10.1 + 0.3 
4.6 + 0.3 
4.6 + 0.2 
2 59 
Table 7.2. Change in Seed Nitrogen Content Associated 
-1 with Delayed Leaf Senescence (mg g flour+ SE) (cv. 
Anoka) 
Control 
Senescence 
Delayed 
* 
TCA-Soluble 
18.2 + 0.6 
28.5 + 0.3 * 
TCA-Insoluble Total 
66.8 + 1.4 85.0 
* 71.1 + 0.8 99.6 
difference from control is significant at 0.05 level 
(t-test) . 
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tO 
N Table 7.3. Changes in Seed Protein Associated with Delayed Leaf Senescence. 
-1 All values are expressed as mg g flour+ SE . 
Total Protein not Buffer Extractable Protein 
Protein a Extracted by Total Globulin Albumin 
Buffer 
a. cv. Anoka 
Control 418 + 9 123 + 4 295 ±. 8 234 + 9 62 + 1 
* * Senescence 444 + 5 116 + 4 323 + 4* 267 + 4 56 + 2 
Delayed 
b. CV. Fiskeby V 
Control 413 + 12 341 + 6 268 + 8 73 + 2 
Senescence 424 + 10 360 + 10 288 + 7 72 + 4 
Delayed 
-
a TCA-insoluble N x 6.25 
* 
difference from control is significant at 0.05 level. 
* 
Table 7.4. Amino Acid Compositio n o f Seed Protein 
Fractions from Control and Senescence-delayed Soybean (cv. 
Anoka) Plants. The values are expressed as %0 of total 
detected residues+ SE. 
Amino 
Acid 
Asp/Asn 
Thr 
Ser 
Glu/Gln 
Pro 
Gly 
Al a 
Cys a 
Val 
Meta 
Ile 
Leu 
Tyr 
Phe 
His 
Lys 
Arg 
Globulin 
Control 
125.8 + 0.3 
38 0 + 0.4 
53.0 + 0.7 
-
188.3 + 0.3 
63.5 + 0.3 
76.5 + 0.7 
59.0 + 0.7 
nd 
54.8 + 1. 7 
2.0 + 0.7 
51. 8 + 0.3 
84.8 + 0.5 
22.8 + 1. 6 
43.8 + 0.5 
23.5 + 0.3 
55.0 + 0 .. 7 
57.5 + 1. 0 
Senescence 
Delayed 
126. 3 + 1.1 
36.3 + 0.5 
52.8 + 0.3 
190.3 + 1. 0 
-
62.3 + 0.8 
75.5 + 0.7 
58 3 + 0.5 
nd 
55.5 + 1. 9 
2.0 + 0.4 
52.0 + 0.4 
85.3 + 0. 9 
24.8 + 0.3 
45.0 + 0.5 
23.0 + 0.4 
55.3 + 1.3 
58.0 + 0.4 
Albumin 
Control 
127.8 + 3.6 
50.0 + 0.9 
54.8 + 1.3 
133.3 + 1. 9 
58.3 + 1. 0 
82.8 + 1. 6 
78.0 + 1. 6 
9.8 + 3.0 
-
62.5 + 1. 9 
10.5 + 1. 7 
51. 5 + 1.3 
76.5 + 1. 6 
25.3 + 0.9 
35.8 + 0.3 
20.0 + 0.4 
-
73.0 + 1. 9 
48 0 + 1.2 
Senescence 
Delayed 
127.8 + 0.8 
50.8 + 0.8 
53.8 + 0.9 
136 . 3 + 1. 9 
-
59.3 + 0.8 
85.0 + 1. 9 
-
79.8 + 0.9 
9.8 + 1. 9 
63.0 + 1.1 
10.5 + 1. 9 
49.5 + 0.9 
74.0 + 1. 0 
24 . 8 + 0.8 
35 3 + 0.5 
19.5 + 0.7 
72 .3 + 1. 0 
46.5 + 0.7 
a during hydrolysis, may have been distroyed to some extent. 
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Table 7.5. -1 . Sulphur Content (mg 160 mg nitrogen 
± SE) of Seed Protein Fractions from Control and 
Senescence Delayed Soybean (cv. Anoka) Plants 
Globulin Albumin 
Control 6.9 + 0.3 12. 2 + 1. 3 
Senesence Delayed 7.3 + 0.5 12.2 + 2.0 
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Table 7.6.Change in Seed Oil Content Associated 
with Delayed Leaf Senesence (cv. Anoka) 
Control 
Senescence Delayed 
** 
Oil Content 
-1 (mg g .±_ SE) 
224 + 2 
** 205 + 4 
difference from control is significant at 
0.01 level. 
26 4 
Figure 7.1. Retardation of soybean leaf yellowing, leaf abscission and pod 
yellowing caused by spraying plants with 9THP-BA and NAA (cv. Anoka) 
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Figure 7.2. A 
photograph to show 
effect of the anti-
senescence spray on 
soybean (cv. Anoka) 
plants 
Control Treatment 
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Figure 7.3. A 
photograph to show 
effect of the anti-
senescence spray on 
soybean (cv. Fiskeby 
V) plants 
Control Treatment 
GLOBULIN ALBUMIN 
C SD C SD 
Figure 7.4. SDS-PAGE of seed globulin and albumin 
fractions from control (C) and senescence-delayed (SD) 
soybean (cv. Anoka) plants 
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Figure 7.5. HPLC profile of seed albumin fraction 
from soybean (cv. Anoka) plants. The UV 
absorbence was recorded at 280 nm and retention 
time (min) is given for each peak. 
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CHAPTER EIGHT 
CONCLUDING REMARKS 
271 
The objective of this Chapter is not to summarize previous 
discussion in individual chapters, but rather to discuss certain of 
the results obtained in a wider context, and to present comments which 
become evident from a collective overview of the various chapters. 
Important projects for future research are also. identified. 
8.1 TRANSLOCATION OF XYLEM CYTOKININS INTO DEVELOPING SEEDS 
As a basis for studies of cytokinin translocation, the cytokinins 
in blue and yellow lupin xylem exudate were quantified. A range of 
cytokinins were detected and these included iP, iPA and iPMP. These 
three cytokinins have not been reported previously in xylem sap. 
Based on the quantification studies, [ 3H]ZR and were 
introduced into the traJpiration stream of the blue lupin xylem, and 
~ 
[3H]ZR and [3H]Z were introduced into that of the yellow lupin xylem. 
Their fate has been critically examined (Chapters 3, 4). The seeds on 
the lupin plants used varied from very young (10 mg per seed, 10 days 
after flowering) to quite mature (200 mg per seed, 70 - 80 % of the 
final size). Consistently, radioactivity levels in the seeds were 
extremely low, although some experiments used plants with seeds at the 
endosperm stage, which has been found to be the period when cytokinin 
level in legume seeds is maximal (see Section 1.1.4). 
Identification of the very small proportion of radioactivity 
detected in the lupin seeds showed that some of it was in fact due to 
cytokinins, especially in the seedcoats (see Sections 4.3.2, 4.3.4). 
While the seeds are clearly not a sink where xylem cytokinins 
accumulate actively, an important unanswered question is the 
fo~lowing: could the low proportion of xylem cytokinins which reach 
the seeds over a prolonged period and are conserved therein, account 
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for the high level found in the seed (see Chapter 4)? Calculations 
based on the results gained in this thesis with blue lupin are 
relevant here. These are based on the following: (1) the maximum 
transpiration rate for one blue lupin plant was found to be about 100 
ml per day; (2) · the period of seed development prior to the time of 
seed analysis was 25 days; (3) 0.43 % of xylem cytokinins and their 
metabolites move into the seeds, since this percentage of the total 
recorded was derived from the seeds after introducing (3HJZR into the 
s . . . 
tra~p1rat1on stream of intact plants (Chapter 3); (4) the total 
cytokinin level in xylem sap was 28 pmols -1 ml (Chapter 3); (5) a 
maximum of 10% of the cytokinins reaching the seed was conserved as 
these compounds (Chapter 4); (6) the average fresh weight of seeds on 
one plant at that stage was 2.1 g. 
cytokinin content of the blue lupin seed 
Hence the calculated total 
-1 
would be 14 pmols g This 
is only 1.7 % of the observed endogenous content of -1 810 pmol g 
-1 (calculated from the contents of 1041 and 219 pmols g , respectively, 
and the weight ratio for embryo/seedcoat 0.39, Chapter 4). 
For several reasons. the calculated value derived above may be an 
overestimate. Firstly, the cytokinin level in the xylem sap was 
determined at late anthesis, but the level in legume xylem sap appears 
to decline rapidly afterwards (Heindl et al. 1982). Secondly, the low 
proportions of radioactive cytokinins detected in the seeds could be 
partially or wholly derived from radioactive Ade, Ado and AMP by 
biosynthesis. That is, the supplied [3HJZR was degraded in the shootto 
these basic purines which were then tradported into the seeds and ;; 
utilized herein for cytokinin production. It is noteworthy that 
labelled Ado moves readily into soybean seed including the embryo 
after supply to the stem of explants (Nooden and Letham 1984). Hence 
the developing seeds and especially the seedcoats, may obtain some 
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cytokinins from the xylem transpiration stream, either directly or 
indirectly, but definitly not the full complement. 
Seed cytokinins could arise in two other ways: (1) via the phloem 
from other parts of the shoot (possibly the apical bud or young 
leaves) where cytokinin is synthesized; (2) by biosynthesis in the 
seed itself. While there is no evidence to support the former 
possibility, there is some information to substantiate the latter. 
The view that developing seeds are a site of cytokinin 
biosynthesis has been proposed for more than twenty years (Letham 
1963a). A number of reports have emerged since to support this view, 
involving several species such as avocado (Blumenfeld and Gazil 1970, 
1971), tomato (Varga and Bruinsma 1974), pea (Hahn et al. 1974) and 
lupin (Summons et al. 1981). However, the results from these studies 
are not unequivocal (see Van Staden and Davey 1979). Pea pod culture 
experiments also seem to be supportive, since 4-day-old pods on 
peduncles can develop to full maturity on a medium without added 
cytokinins (Barratt 1986). However, the original amount of cytokinins 
in the peduncles and podwalls and the synthesis in these two parts 
need assessment. 
Since none of the above can be regarded as conclusive evidence, 
and experiments in which cytokinin biosynthesis could not be 
demonstrated have also been reported (Kreching et al. 1978, Van Staden 
and Choveaux 1981), the cytokinin biosynthesis in developing seeds 
requires critical investigation. 
The present studies indicate that the developing seed embryos are 
shielded from xylem cytokinins; they may be completely autonomous with 
respect to plant hormones. This would seem logical for plant survival 
as it is not desirable for the seed to be dependent on a hormonal 
supply which is subjected to fluctuations caused by environmental 
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changes. 
8.2 CYTOKININ METABOLITES IN LEGUMINOUS PLANTS 
8.2.1 In Lupin Plants 
Five unknown metabolites were detected and characterized 
chromatographically in the studies of cytokinin translocation reported 
in Chapters 3 and 4. Two were polar metabolites termed X-NT and Xd-NT 
and were derived from ZR and DZR, respectively, in bark tissues of 
blue lupin stems. X-NT could be identical to a polar metabolite of ZR 
designated U-NT which was found in podwalls and also appeared to occur 
in axillary buds. X and Xd derived from ZR and DZR, respectively, 
were metabolites with chromatographic properties resembling those of 
the cytokinin ribosides, iPA and ZR/DZR. These were also formed in 
bark. Treatment of U-NT and Xd-NT with phosphatase yielded products 
with the chromatographic characteristics of X and Xd, that is, they 
chromatographed between ZR and iPA during TLC (layer A, solvent A or 
F). Hence U-NT, X-NT, Xd-NT, X and Xd appeared to be closely related 
metabolites; Xd-NT and U-NT, which contained a phosphate group, 
appeared to be phosphorylated forms of Xd and X, respectively. 
The structure of Xd-NT was examined further. Treatment with 
periodate and cychlohexylamine, a procedure which converts ribosides 
5'-phosphate, but not 2'- or 3'-phosphates, into bases (Parker et al. 
1978), resulted in an apolar product with chromatographic properties 
similar to those of a cytokinin base. Hence Xd-NT behaved as a 
riboside 5'-phosphate. Two properties of the dephosphorylated form of 
Xd-NT are significant. Firstly, treatment with esterase resulted in 
partial conversion into a compound which cochromatographed with DZR. 
Hence Xd-NT appeared to contain a carboxylic ester group. If a DZR 
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moiety was indeed present in Xd-NT, the ester linkage must involve the 
f th 6 . d h · · oxygen o e N -si ec ain, since the ribose 2'- and 3'-hydroxyls were 
free to react with periodate. Secondly, when supplied to a lupin 
shoot explant, the dephosphorylated form of Xd-NT was converted to 
compounds which cochromatographed with DZR, DZ and OGDZ. Hence Xd-NT 
appears to contain an ester group which is cleaved in plant tissues. 
This could explain the apparent transient nature of the metabolites, 
U-NT and X-NT, noted in Chapter 3. 
The ribosides corresponding to X-NT and Xd-NT, i.e. X and Xd, also 
occur in bark and are prominent in short-term experiments (see Table 
4.14; uptake for 30 min and water chase for 10 min) when X-NT was not 
detected. Hence in bark tissues, the following sequence appears 
probable: ZR/DZR X/Xd (carboxylic ester) X-NT/Xd-NT 
(nucleotides) . 
While the significance of these metabolites is uncertain, the 
following points merit comment. First, they are prominent only in 
bark, developing axillary shoots and podwalls. These are tissues 
where the trarwirational flux is relatively low compared with laminae, 
for example, where X-NT is not present. Hence, U-NT and X-NT may be 
involved in cytokinin uptake and movement through tissues where the 
traJpiration system alone cannot directly provide an adequate supply 
A:. 
of hormone and active transport from cell to cell is particularly 
necessary. Second, with a modified (esterified) sidechain, X-type 
metabolites would be desirable forms of cytokinins for translocation 
through living cells. It has been reviewed previously that nucleotide 
formation may be associated with cytokinin uptake and transport across 
membranes (Section 1.2.2). X-type metabolites may be naturally 
stabilized nucleotides which can readily release active cytokinins. 
Because of the possible physiological significance of these new 
metabolites, 
commenced. 
elucidation of their 
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identity is merited and has 
While the above metabolites were transient, other metabolites of 
ZR, in which a Z-type moiety was conserved, showed great stability in 
the lupin shoots. In podwalls of intact blue lupin plants, these 
metabolites were OGDZ and DZMP, while in the laminae, OGDZ and LA 
persisted (Chapter 3). However, in yellow lupin, the stable 
metabolites were OGDZR and DZR in podwalls, and OGDZ in laminae 
(Chapter 4). Similarly in Nooden explants excised at mid podfill, 0-
glucosides were the principal stabilized metabolites of ZR in the 
laminae (Nooden and Letham 1986). When supplied directly to the 
excised French bean leaves, OGZ and OGDZ were markedly more stable 
than Zand DZ (Palmer et al. 1981c) As endogenous cytokinins, 0-
glucosides are often prominent in plant tissues, especially in leaves 
(Palmer et al. 1981a, Letham and Palni 1983) Thus OGDZ appears to be 
the major cytokinin in bean leaves, while the level of OGDZR in yellow 
lupin podwalls markedly exceeded those of all other quantified 
cytokinins (Summons et al 1979b). From the above, it is evident that 
0-glucosides, and especially dihydro forms, make a major contribution 
to the total cytokinin activity of legume shoots, particularly leaves. 
They appear to represent the principal conserved form of xylem 
cytokinins in some legumes at least. Although some workers have 
proposed that the glucosides are forms of storage (see Section 1,2.2), 
only a few reports have suggested export of these compounds from the 
leaves. In studies with white lupin, Van Staden and Davey (1981b) 
ag>lied [14cJZ to mature leaves. Their results have been interpreted 
in terms of movement of small amounts of a zeatin glucoside-like 
metabolite from mature leaves to young leaves and lateral shoots with 
a secondary inflorescence. However, this study is marred by 
inadequate identification of metabolites. 
277 
14 When [ C]Z was applied to 
mature Citrus sinensis leaves, radioactivity was detected in buds, 
young shoots and bark (Hutton and Van Staden 1983). The cytokinins 
which moved out of the leaves were not identified but could have 
included glucosides of z. A glucoside of Z appears to be a major 
cytokinin in honeydew (phloem exudate) of willow (Van Staden 1976a). 
Hence cytokinin 0-glucosides could be translocated from leaves, but 
there is no evidence of any consequence to validate this view at 
present. Indeed from other studies with French bean plants, Hutton 
and Van Staden (1984b) reported that cytokinin glucosides were not 
tra~orted appreciably from leaves to the rest of the plant. 
Some observations relevant to the possible translocation of 0-
glucosides can be made from the present research (Chapter 3). When 
e xpanded presenescent and early senescent leaves were excised and 
supplied with [3HJZR, the proportion of radioactivity due to 0-
glucosides was similar in the differing leaf types. However, when the 
leaves were intact on the stem, the presenescent leaves contained a 
higher proportion of radioactivity due to 0-glucosides compared with 
the senescent leaves. The difference between excised and intact 
leaves would be rationalized if 0-glucosides were transported from the 
older leaves to the less mature leaves. The results of Chapter 3 also 
show that transition from expanded presenescent leaves to early 
senescent leaves is not accompanied by an enhanced conversion of 
[3HJZR to 0-glucosides. However, it has been proposed that formation 
of o-glucosides in mature deciduous leaves is essential for leaf 
senescence by causing elimination of active cytokinins transported 
into the leaves (Van Staden et al. 1983, Hutton and Van Staden 1984b). 
o-glucosylation may have a dominant role in deciduous senescence but 
not in sequential senescence of plants such as lupin. 
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Definitive studies of 0-glucoside trans location and metabolism are 
necessary. The availability of labelled OGDZ of high specific 
radioactivity would enable significant studies to be initiated with 
bean, lupin and other legume plants. 
8.2.2 In Soybean Leaves 
By use of mass spectrometric methods in a complementary manner, 
9Ala-BA was identified as the principal metabolite of BA in soybean 
leaves. In French bean (Phaseolus vulgaris) leaves and soybean callus 
tissue, this conjugate is also the do"rninant metabolite of BA (Letham 
et al. 1979, Elliott and Thompson 1982/1983). The earlier report that 
it was converted mainly to BA7G in soybean callus tissue (Fox et al 1973) 
now appears to be erroneous (Elliott and Thompson 1982/1983). Thus 
conversion of BA, and perhaps other cytokinins with a relatively 
stable N6 substitu.fent, to 9-alanine conjugates as the major 
metabolite may be a characteristic of leguminous plants. Unlike BA, Z 
and ZR have not been reported to be converted to alanine conjugates in 
appreciable proportions in the above three tissues, and in bean leaves 
(Palmer et al. 1981c). In soybean leaves, they are conjugated by 0-
glucosylation (Nooden and Letham 1986, Singh and Letham unpublished). 
While ZR and z yield Ade and Ado in soybean leaves, BA is not normally 
subjected to appreciable N6-sidechain cleavage in these leaves 
(Chapters 5, 6). Alanine conjugation essentially abolishes or greatly 
reduces, activity in bioassays (Letham et al. 1983, Palni et al. 
1984). In the present study, 9Ala-BA was much less active than BA in 
retarding soybean leaf senescence. In contrast to alanine 
conjugation, 0-glucosylation usually has little effect on activity in 
common cytokinin bioassays (Letham et al. 1983, Palni et al. 1984), 
possibly because 0-glucosides release free cytokinin bases or 
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ribosides in tissue, whereas alanine conjugates do not do so 
appreciably (Palni et al. 1984). The latter observation was confirmed 
in soybean leaves in the present study using (3HJ9Ala-BA. 
The differences in the modes of metabolism between Z-type 
cytokinins and· BA noted above, and the differences in the activities 
of the respective metabolites may contribute to the differing 
activities of BA and z in soybean leaf senescence. In the 
present study (Chapter 6), when cytokinins were applied directly to 
the leaf surface, the following activity sequence was found: BA> z = 
DZ. Similarly, when supplied continuously to Nood~n explants via the 
transpiration stream, the following sequence applied: DZR >BA> DZ> 
ZR> Z (Garrison et al. 1984) . In both assays, BA was more active 
than Z, and this relative activity has often been found in bioassays 
based on retardation of leaf senescence (see Section 1.4.3) 
Since 9Ala-BA appeared to be an inactivated form of BA, BA 
analogues which might be resistant to 9-alanine conjugation were 
synthesized and tested for senescence-retarding activity in soybean 
leaves, and inhibitors of alanine conjugate formation were sought. 
This work is discussed further in the next Section. While 
debenzylation was not prominent when BA was applied to intact soybean 
leaves, it was somewhat more pronounced when alanine conjugation was 
suppressed with auxins (Chapter 5). When the N-9 position was blocked 
by a tetrahydropyranyl or tetrahydrofuranyl group, debenzylation was 
greatly enhanced (Chapter 6), yielding Ade and the corresponding 9-
substituted Ade, 9THP-Ade or 9THF-Ade. Cleavage of the N6-
substitutent of BA and kinetin has been reported previously . Thus 
conversion of BA to Ade has been found in Xanthium leaves (Mccalla et 
al. 1962 ) and soybean callus tissue (Fox et al. 1972). A substantial 
proportion of kinetin supplied to germinating lettuce seeds was 
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converted to AMP as the major purine metabolite (Miernyk and Blades 
1977). The results of Chapter 6 show that N6-sidechain cleavage 
occurs with 9-substituted purines as well as with free bases such as 
BA. 
The mechan ism of debenzylation is unknown, but it is reasonable to 
propose that an oxidative reaction is involved initially. This would 
yield, by elimination of hydrogen, an imino purine which could then 
hydrolyze to give benzaldehyde and Ade. An analogou s mechanism has 
been proposed for the cleavage of isoprenoid N~sidechains by cytokinin 
oxidase (Letham and Palni 1983). Elucidation of the enzymic mechanism 
for this debenzylation is worthwhile since this reaction probably 
limits the effectiveness of BA in plant tissues. The natural 
occurrence of BAR as an endogenous cytokinin (Ernst et al. 1983) makes 
such a study particularly desirable. 
8.3 SENESCENCE AND SEED DEVELOPMENT 
Studies with intact blue and yellow lupin plants (Chapters 3 and 
4) have demonstrated the transient nature of the xylem-supplied 
cytokinin bases and ribosides in the laminae. Thus, 2 days after ZR 
was supplied to the base of blue lupin plants, no free Z, ZR, DZ or 
DZR were detected in the laminae. This appears to be particularly 
significant because such c ompounds, especially the bases, appear to be 
the active forms of cytokinin . Similarly, when ZR and DZR were 
supplied to the lateral stems of blue lupin plants, only very low 
percentages of radioactivity were due to cytokinin bases and ribosides 
(Chapter 4). If one accepts the widely held view that xylem is the 
principal source of cytokinin for the laminae, then a decline in the 
cytokinin level in the xylem sap will result in a rapid fall in the 
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level of bases and ribosides in the laminae. Rapid effects on leaf 
physiology might then result and could lead to leaf senescence. Rapid 
metabolism of ZR in soybean leaves on Nooden explants has been 
reported recently (Nooden and Letham 1984, 1986) This work and 
related studies (Neumann et al. 1983) emphasize the importance of 
maintenance of xylem cytokinin supply in prevention of soybean leaf 
senescence. Hence in legumes, xylem cytokinin level may be a key 
regulatory factor. 
In the present study, a spray application of cytokinin plus auxin 
delayed leaf senescence, prolonged pod development and increased the 
protein content of the seed. However, seed size and seed yield were 
not altered. Yield limitation is probably a multifactor problem and 
monocarpic senescence may well be one such factor in soybean since it 
commences before seed development is completed. Another limiting 
factor appears to be pod abortion (see review by Peat and Jeffcoat 
1982) which may be as great as 80 %. Hormonal retardation of leaf 
s enescence when pod abortion is minimized could well enhance yield and 
this possibility merits assessment. Cell number per seed may also 
limit seed yield. Careful work by Egli et al. (1981) has demonstrated 
the importance of cell number per soybean seed in controlling both 
final seed size and growth rate. While cytokinins have long been 
speculated to function during seed development, especially in cell 
division and assimilate partitioning (Luckwill 1977, Herzog 1982, Van 
Staden 1983), the actual mechanisms which control induction and 
cessation of cell division in seed cotyledons are obscure. When these 
controls are elucidated and cell division is promoted, retardation of 
leaf senescence with growth regulators may evoke significant effects 
on yield. However, because of the maintenance of carbon and nitrogen 
assimilate production when senescence is delayed, deferral of 
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senescence may be one way of enhancing the potential productivity of 
the soybean. 
Finally in this connection, it is noteworthy that retardation of 
leaf senescence by application of cytokinin has resulted in increased 
seed yield in ·rice (Ray et al. 1983) and barley (Mishra and Gaur 
1985). 
In the present study, 9THP-BA and 9THF-BA were found to be more 
effective than BA in retarding soybean leaf senescence. However, 
metabolism studies showed that both were subjected to debenzylation to 
give 9THP-Ade and 9THF-Ade respectively (Chapter 6). This sidechain 
cleavage probably involves an imino intermediate formed enzymatically 
by elimination of a hydrogen atom from both the NH group at position 6 
and the benzylic methylene (see above). It is possible to suggest 
structural alternatives to 9THP-BA and 9THF-BA which could exhibit 
enhanced senescence-retarding activity because they would not be 
susceptable to this degradative metabolism. Compounds of this type 
with a 9-tetrahydropyranyl 
tetrahydropyranyl)purine 
tetrahydropyranyl)purine 
tetrahydropyranyl)purine 
group are: 6-(2-phenylethyl)-9-(2-
(I), 6-(trans-styryl)-9-(2-
(II), 6-benzyloxy-9-(2-
(III), 6-(N-benzylmethylamino)-9-(2-
tetrahydropyranyl)purine (IV), and 6-phenylaminopurine (V). The 
analogues of compounds I, II and III without a THP group and BA are 
all approximately equally active in the tobacco pith cytokinin 
bioassay (Henderson et al. 1975), whereas the analogues of IV and V 
are less effective than BA. Hence compounds I, II and III 
particularly merit synthesis and testing as senescence retardants for 
soybean. These compounds all lack an exocyclic N atom at position 6 
of the purine ring. 
The auxins 2,4-D and 5,7-dichloro-IAA, which competitively 
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R 
I 
II 
H 
III 
IV 
V 
inhibited purified ~-(9-cytokinin)alanine synthase prepared from 
yellow lupin seed by Entsch et al. (1983), also suppressed conversion 
of BA to 9Ala-BA in soybean leaves. Hence these leaves must contain a 
synthase enzyme similar to that purified by Entsch and coworkers. 
There are only two other reports concerning effects of auxins on 
cytokinin metabolism. In Solanum ardigena stem cuttings, IAA promoted 
formation of an unidentified polar metabolite of BA (Wooley and 
Wareing 1972b), while in artichoke tuber tissue, rapid metabolism of z 
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nucleotide to Ado was induced by IAA, an effect which prec-"eded 
induction of mitosis (Palmer et al. 1984) Hence evidence is 
accumulating that auxin may regulate some aspects of cytokinin 
metabolism. Conversely, exogenous cytokinins have 
diverse efferits on auxin metabolism, including inhibition of 
conjugation to amino acids (see ref. in Parker et al. 1986). 
Therefore, auxin and cytokinin may interact to mutually control their 
metabolism and levels in plant tissues. 
In the studies reported in Chapter 6, the 3-substituted xanthine 
MHX enhanced the senescence-retarding activity of BA, presumably due 
to suppression of alanine conjugation (see Chapter 5). This xanthine 
derivative is also known to inhibit N-glucosylation of cytokinins 
(Hocart 1985). Hence it may prove to be an inhibitor of cytokinin 
metabolism generally. It is therefore important to assess the ability 
of MHX and related compounds to inhibit cytokinin oxidase, a key 
enzyme in cytokinin metabolism which inactivates the important natural 
cytokinins Z, ZR, iP and iPA. 
The use of MHX to retard senescence (Chapter 6) may ex€mplify a 
new approach to the control of plant development and senescence. 
Past endeavour has yielded much information concerning cytokinin 
structure-activity relationships and a number of potent synthetic 
cytokinins are now known. In the future, it may be more worthwhile to 
devote effort to designing and synthesizing inhibitors of cytokinin 
inactivation. This approach has been made possible by an increasing 
knowledge of the actual enzymes involved. Inhibition of cytokinin 
inactivation may enhance the activity of both exogenous and endogenous 
cytokinins and, as a result, modify plant growth and senescence. 
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